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Abstract 
 
Building structures generally contain inherent low damping capability and 
hence are vulnerable to seismic excitations. Control devices are therefore 
playing a useful role to provide safety to building structures subject to seismic 
events. Passive, active and semi-active dampers are commonly used in 
buildings as control devices. In recent years semi-active dampers have gained a 
considerable attention. Magneto-rheological (MR) dampers, a type of semi-
active damper, have proven to be quite effective in seismic mitigation of 
building structures. MR dampers contain a controllable MR fluid whose 
rheological properties vary rapidly with the applied magnetic field. Although 
some research has been carried out on the use of MR dampers in building 
structures, optimal design of MR damper and combined use of MR and passive 
dampers for real scale buildings have hardly been investigated. This thesis 
generates data for incorporating MR dampers and MR-passive damper 
combinations in building structures in order to achieve acceptable seismic 
performance. The MR damper model was developed integrating control 
algorithms commonly used in MR damper modelling. Developed MR damper 
was integrated in to seismically excited structures as a time domain function. 
Linear and nonlinear structure models are evaluated in real time scenarios. 
Analyses are conducted to investigate the influence of locations and number of 
devices on the structure’s seismic performance. This research provides 
information to design and construction of earthquake safe buildings with 
optimally employed MR dampers and MR-passive damper combination in use. 
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Introduction 1 
 
Chapter 1 : Introduction 
1.1 Background to the Study  
Structural safety against natural hazards is of great importance both for the structure 
itself and for the occupants. Earthquakes are one of its type which causes huge 
damage due to movement of ground mass. Severe hazardous actions such as collapse 
or extreme damage to the infrastructure and loss of human lives are common 
consequences of a seismic activity. Since 1900, an average of 18 major earthquakes 
(magnitude 7.0-7.9) and one larger earthquake (magnitude 8.0 or more) occurred 
annually. While this average has been relatively stable, long-term prediction of 
earthquakes is difficult, making it critical to construct buildings to withstand credible 
seismic excitations. 
Seismic design relies on the ability of structural elements to dissipate the seismic 
energy input to the structure during an earthquake. Buildings are designed through 
combined criteria of strength, deformability and energy dissipation capacity to 
withstand the natural hazards such as earthquakes. In the past this was achieved 
through altering building materials and sections, introducing better shapes to 
buildings or introducing structural components such as shear walls and moment 
resisting frames.  
Alternatively, a protective system can be implemented into the structural system to 
enhance the earthquake resistance of a building. Under seismic events, energy 
dissipative devices work by absorbing portion of the input energy that would be 
transmitted to the structure. According to the law of conservation of energy, the 
energy equation can be expressed as,  
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𝐸 =  𝐸𝑘 + 𝐸𝑠 + 𝐸ℎ + 𝐸𝑑 Equation 1-1 
 
Where, 𝐸 is the total input energy from earthquake motion. 𝐸𝑘  is the absolute kinetic 
energy. 𝐸𝑠 is the recoverable elastic energy; 𝐸ℎ is the irrecoverable energy dissipated 
by the structural system through inelastic deformation. 𝐸𝑑 is the damping energy 
dissipated by inherent structural damping and supplemental damping devices. Since 
inherent damping of the structure is very low, the energy dissipated through elastic 
region is also very low. Energy dissipation through inherent structural damping is 
mainly caused by thermal effects when solids deform. The integration of a 
supplemental damping device would hence be a great option for energy dissipation 
of the building. Investigation of such systems is crucial in the current earthquake 
resistant building design practice.  
Over the years, numerous supplemental damping systems have been proposed. These 
structural control solutions are further developing with new technological advances. 
Commonly used structural control systems include base isolation, passive energy 
dissipation, active energy dissipation and semi-active control strategies. Base 
isolation gets expensive when the building size increases. Passive devices (dampers) 
have limited capacity and are unable to alter according to external loading 
conditions. Active and hybrid devices are able to vary according to the external 
loading conditions yet require a large power supply which might not be available at 
all times, especially during a seismic event. These challenges are well addressed by 
semi-active systems. They use the measured structural response to determine the 
required control forces. Magneto-Rheological (MR) damper, a specific semi-active 
device has gained significance due to its high damping capacity, less power 
requirements, mechanical simplicity and greater performance index in mitigating 
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structural seismic response. These unique features of semi-active MR damper 
systems have attracted many researchers and engineers to study on MR damper 
systems to be used in building structures.  
MR damper is a controllable fluid device that employs MR fluid whose rheological 
properties vary rapidly with the applied magnetic field. Figure 1.1 shows a schematic 
of a large-scale MR damper. The MR damper force depends on the yield stress of the 
MR fluid inside the damper, which is generally a function of the magnetic flux in the 
damper. When MR fluid is subjected to a magnetic field by the electromagnetic coil, 
the iron particles in the fluid are aligned and form linear chains parallel to the line of 
magnetic flux, changing the state of the fluid to a semi-solid which restricts the fluid 
movement through the orifices of the MR damper. 
 
Figure 1-1 : Schematic diagram of a large scale MR damper manufactured by Lord 
Corporation 
(Yang, Spencer Jr, Carlson, and Sain (2002)) 
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Dynamic behaviour of building structures fitted with MR damper is studied in this 
thesis for better seismic hazard mitigation. MR dampers are fitted into different type 
of building structures and study the behaviour for different locations, and for 
different types of damper systems. Research data is generated and evaluated to find 
the optimal parameters.    
Research on single damper type has been carried-out in the academia. But there is a 
lag in developing combined damper systems with MR damper. This research 
generates data for using MR dampers alone and in conjunction with visco-elastic and 
friction dampers to provide the required amount of seismic mitigation.  
 
1.2 Aims and Objectives 
The main aim of this research is to investigate the use of semi-active magneto-
rheological dampers to provide effective control of building structures under seismic 
loads. 
Specific objectives will be to, 
 Develop and validate MR damper models and structures fitted with MR 
dampers  
 Investigate the performance of magneto-rheological dampers in controlling 
the building structures under seismic excitations 
 Investigate the different MR damper systems to obtain the optimum building 
control 
 Investigate combined damping options for MR damper with visco-elastic and 
friction dampers to provide the desired seismic mitigation  
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1.3 Research Problem 
The use of semi-active dampers, particularly magneto-rheological (MR) dampers, to 
mitigate seismic excitations is becoming increasingly popular. MR damper force is 
not solely dependent on velocity which means the ability of the MR damper to 
mitigate a broader range of seismic activities is superior. However, a study of an MR 
damper performance for a suite of earthquake events is still lacking, and the 
variability of this performance with respect to both the design parameters and the 
locations have not been fully established. This emphasizes the need for a detailed 
study of magneto-rheological dampers considering the effects of parameters and 
location to optimize its performance for a wider scope of seismic events.  
Further, there is not a provision in current structural design software to model a MR 
damper and integrate into the system, which is a huge barrier for structural designers 
to incorporate MR dampers into structural designs. Hence, there is a need for easy to 
use analytical model of an MR damper to use in common structural analysis 
software.  
In this research, MR damper systems are employed in different locations of different 
building structures. Then friction and visco-elastic dampers are used in conjunction 
with MR damper to obtain the best damper combination. Tip deflection, inter-storey 
drift and tip acceleration of each structure is obtained to study the effectiveness of 
each damping mechanism in seismic mitigation. Time history analysis is employed 
in MATLAB-Simulink for the analysis. This analysis assembles the mass, damping 
and stiffness matrices and solves the equation of dynamic equilibrium at each point 
in time. Later, SAP2000 OAPI is used in conjunction with MATLAB to obtain the 
Introduction 6 
 
results for both linear and nonlinear models. The response of the structure is analysed 
for selected time steps of the input earthquake records.  
  
1.4 Significance of the Research  
It is necessary to protect our buildings during a seismic event. This can be done by 
using an appropriate damping system attached to the building to obtain adequate 
seismic mitigation. Magneto-rheological (MR) dampers have recently emerged as 
devices which can provide effective structural control. However, their application in 
realistic buildings to obtain seismic mitigation is still limited.  The ability to achieve 
the best performance with minimum cost of a damper system under a range of 
operating conditions is yet to be investigated. This research aims to provide such 
information. It investigates the effective use of the MR damper (system) with respect 
to location of the damper, type of seismic event and the type of structure. Moreover 
combined MR-passive damper systems are also considered in order to compare the 
performance of different damper systems for seismic mitigation.  
To achieve the above, this research introduced a new modelling technique in which 
an analytical MR damper model was coupled with a building model and analysed in 
an iterative manner.  Both linear and non-linear structural models are analysed using 
this MR add-on to obtain the desired results.  The application of the developed 
technique was extended to a realistic building structure which is an existing 
(asymmetric) reinforced concrete building. This building is modelled, fitted with MR 
dampers and analysed under seismic excitation. The effectiveness of the modelling 
techniques and the ability to obtain adequate seismic mitigation will be 
demonstrated.   
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The outcomes of this research will contribute information towards the effective use 
of MR dampers in buildings for adequate seismic mitigation. It will also provide 
some guidance in terms of performance, cost and functionality and contributes 
towards simplifying the analysis of building structures fitted with MR dampers.  
Finally the outcomes of this research will contribute towards the enhanced design of 
buildings with a higher degree of safety and reliability under seismic excitation. 
 
1.5 Scope of the research 
Magneto-rheological dampers have recently emerged as having the potential for the 
seismic mitigation of buildings. This research investigates seismic response of 
building structures with semi-active MR dampers. In addition combined damper 
systems were created with visco-elastic and friction dampers and the results of 
seismic mitigation are evaluated. The main response parameters are tip deflection, tip 
acceleration and inter storey drift. The scope of this investigation is as follows; 
Building structures 
 Frame structures in the range of height 42 m to 72 m.  
 2 Dimensional (2D)  and 3 Dimensional (3D) buildings 
 Structures have natural frequencies within the range of dominant frequencies 
of the earthquakes treated.  
 
Damping mechanisms 
 MR damper systems are considered. 
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 Combined damper systems of MR damper with friction and visco-elastic 
damper are considered.  
 
Damper locations 
 Across the height of the structure with the damper installed in one, two or 
three storeys at a time 
 
Seismic records 
 Three different earthquakes, each with different duration of strong motion 
and range of dominant frequencies are used.  
A comprehensive investigation considering all the above parameters will provide 
research data, which can be used to establish,  
 Effectiveness of using MR dampers in seismic mitigation 
 Placement of dampers for best results for different structures 
 
1.6 Layout of Thesis   
This thesis consist of 8 chapters as follows,  
 
Chapter 1: Introduction  
This presents the background and introduction to the research topic, defines 
aims and objectives, research problem, significance of the research and report 
outline. 
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Chapter 2: Literature Review 
A comprehensive literature review of structural control, structural control 
techniques, Magneto-rheological damper, numerical models of MR damper, 
control techniques of MR dampers and optimal design of the damper is 
carried out. The chapter summarises the previous applications of MR 
dampers in civil engineering. A summary is finally presented.  
 
Chapter 3: Damper model development and verification  
This chapter describes the development of damper models, building structure 
models and their interaction. Verification of the simulation results with 
experimental results is also presented.  
 
Chapter 4: Results – 18 storey structure 
Results of the 18-stroey frame structure with different patterns of MR damper 
systems under a variety of earthquake excitations are presented. Results for 
combined viscous, friction dampers with MR dampers are also investigated. 
The results are evaluated and findings are applied to obtain the best 
mitigation. Generalized reduction patterns are developed for finding the 
optimum damper types and placements. 
 
Chapter 5: Results – 12 storey structure 
Results of the 12-stroey frame structure with different patterns of MR damper 
systems under a variety of earthquake excitations are presented. Results for 
combined viscous, friction dampers with MR dampers are also investigated. 
Introduction 10 
 
Then the results are then evaluated and findings are applied to obtain the best 
mitigation. Generalized reduction patterns are developed for finding the 
optimum damper types and placements.  
 
Chapter 6: Results – 18 storey 3D structure 
Results of the 18-stroey 3D frame structure with different patterns of MR 
damper systems under a variety of earthquake excitations are presented. 
Results for combined viscous, friction dampers with MR dampers are also 
investigated. Two types of analyses are carried out for linear and nonlinear 
models namely, linear dynamic analysis (LDP) and nonlinear dynamic 
analysis (NDP). Then the results are then evaluated and findings are applied 
to obtain the best mitigation. 
 
Chapter 7: Application of MR to an existing building 
MR damper is applied into an existing building. A 10-stroey 3D concrete 
structure is used for evaluation with different arrangements of MR damper 
systems under a variety of earthquake excitations. Results are obtained and 
analysed to achieve a better seismic mitigation. 
 
Chapter 8: Conclusions and recommendations  
This chapter highlights the major findings and significant contribution of this 
research. Recommendations for further research are also included.  
 
 
Background and Literature Review 11 
 
Chapter 2 : Background and Literature Review  
 
2.1 Introduction 
This chapter provides an overview of current knowledge on structural control, energy 
dissipation systems, Magneto-rheological (MR) damper, numerical models of MR 
damper, and control techniques of MR dampers. Chapter starts with a current state of 
practice of structural control systems with a brief introduction to each of base 
isolation, passive control systems, active control systems and semi-active control 
systems. Then a comprehensive  literature survey on MR damper is given which 
addresses introduction to MR damper, numerical models of MR dampers such as 
Bingham, Bouc-wen, Hyperbolic tangent, Dhal friction models as Parametric models 
and Neural network, fuzzy logic models as Non parametric models. Control 
techniques for controlling MR dampers are also introduced. Finally literature review 
based on previous uses of MR dampers is presented 
2.2 Structural Control 
Structural control enhances the structural functionality and safety of buildings 
against natural and man-made hazards by using different approaches and control 
techniques. Control techniques are categorised under following four major classes of 
structural control systems and presented in Table 2.1,  
(1) Base isolation  
(2) Passive energy systems  
(3) Active control systems 
(4) Semi-active control systems. 
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Table 2-1 : Structural control systems 
 
 
2.2.1 Base isolation 
Base isolation decouples a structure from the ground motion input and reduces the 
resulting inertia force that the structure needs to resist. This way it changes the 
Structural control mechanism Control Techniques  
Base isolation 
Elastomeric bearings 
Lead rubber bearings 
Sliding friction pendulum systems 
Passive energy systems 
Metallic dampers 
Friction dampers 
Viscoelastic dampers 
Viscous fluid dampers 
Tuned mass dampers 
Tuned liquid dampers 
Active control systems 
Active bracing systems 
Active mass dampers 
Variable stiffness or damping systems 
Semi-active  control systems 
Variable-orifice dampers 
Variable-stiffness device 
Smart tuned mass dampers 
Variable-friction dampers 
Controllable fluid dampers 
 Electro-rheological fluid 
dampers 
 Magneto-rheological  fluid 
dampers  
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natural period of the structure. Energy absorption materials are inserted between the 
substructure and superstructure which causes to reduce the seismic energy 
transmitted.  
Base isolation is considered to be a more mature technology with wider applications 
compared with other technologies (ATC (1993)). However it is very costly and 
involves complicated procedures unless base isolation is done at construction stage.  
2.2.2 Passive dampers  
Passive energy dissipation systems increase the energy dissipation capacity of a 
structure and operate generally under the principles such as friction sliding, yielding 
of metals, phase transformation in metals, deformation of Viscoelastic (VE) solids or 
fluids and fluid orificing.  
Common types of passive control devices use in the structure to control earthquake 
response of structure are follows, 
 Metallic yield dampers 
 Friction dampers 
 Viscoelastic dampers 
 Viscous fluid dampers 
 Tuned mass dampers 
 Tuned liquid dampers 
Passive energy dissipation devices develop the control force at the point of 
attachment of the system. During a seismic excitation, control forces are generated 
by the motion of points of attachment.  
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These systems were reviewed by T. T. Soong and Spencer Jr (2002), M. D. Symans 
et al. (2008), Marko, Thambiratnam, and Perera (2004) who assessed the influence of 
the passive dampers to building structures subjected to seismic effects.  
Since the present study uses visco-elastic and friction dampers as passive dampers, 
those two are critically reviewed.  
2.2.2.1 Viscoelastic dampers 
VE dampers exhibit stiffness and damping coefficients, which are frequently 
dependant. Force displacement characteristics of the damper are function of either 
relative velocity of the damper or the frequency of the motion. VE dampers have 
been extensively researched during the past few decades, and best suited when the 
damper undergoes shear deformations. Force-displacement loop for VE damping 
devices is shown in Figure 2-1;  
 
Figure 2-1: Idealized force-displacement loop of VE devices (T. T. Soong & Spencer 
Jr, 2002) 
 
There are few different VE damper types according to their mechanisms. Solid VE 
dampers are constructed from acrylic polymers and provide damping through shear 
deformations in the VE material. Bitumen rubber compound VE damper and super-
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plastic silicone rubber VE shear damper are also common types of dampers that 
produce their damping through shear deformations.  
Fluid VE dampers operate by shearing VE fluids. It uses the principle of fluid flow 
through orifices. Viscous dampers reduce building deflections and stresses at the 
same time. These dampers have been installed in a number of structural applications.   
Design guidelines were developed for streel frame structures with added VE dampers 
by Chang (1995), Hahn and Sathiavageeswaran (1992). They developed parametric 
optimization analyses to determine the optimum damping coefficient for the 
supplemental dampers, which lead to establish the effect of different damper 
distributions throughout the building height. Results show that damper should be 
placed in the lower storeys of the building if they are of uniform storey stiffness. A 
finite element model of a VE damper was introduced into a ten storey frame structure 
and analysed by Pong, Tsai, and Lee (1994). These results showed that addition of 
fluid dampers to the first floor of a building absorb more energy than those at the 
upper floors.    
VE dampers perform better at lower storeys because the rigid and highly damped 
lower part of a building modulates the dynamic excitation resulting from strong 
ground motions more effectively. This also reduces the stiffness at the base of the 
structure, increasing the natural period and reducing the amount of seismic energy 
attracted to it. Therefore the most effective position for the damper is in the lower 
storeys (Marko et al., 2004). 
2.2.2.2  Friction Dampers                                                                                                                                                                                           
Energy dissipation through the solid friction which develops between two bodies 
sliding relative to each other is the basic principle of a friction damper. There are few 
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types of friction dampers currently using in seismic mitigation of building structures. 
X-braced damper proposed by Pall and Marsh (1982), Bracing damper system 
proposed by  Filiatrault and Cherry (1990), Improved Pall friction damper developed 
by Wu, Zhang, Williams, and Ou (2005), uniaxial friction damper manufactured by 
Sumitomo Metal Industries Limited are few of those.  
In general, friction devices generate rectangular hysteretic loops similar to the 
characteristics of Coulomb friction.  
2.2.3 Active dampers  
A significant advancement was made when civil structures were considered as 
adaptronic systems, those systems characterized by adaptability and multi-
functionality (M. D. Symans et al., 2008).Active control was the first step in 
adaptronics in civil engineering and is an attempt to make structures behave like 
machinery, responsive to external loads. An overview of active structural control is 
provided by T. T. Soong and Spencer Jr (2002) and Fujino, Soong, and Spencer Jr 
(1996). However large power requirements such as tens of kilowatts for small 
structures, and several megawatts for large structures as well as the uncertainty of the 
power supply during a seismic event creates ambiguities in using this technique.   
 
2.2.4 Semi-active dampers 
 Semi-active devices are superior compared to passive and active structural control 
devices. They maintain reliability of passive control systems while taking advantage 
of the adjustable parameter characteristics of an active control system, thus allowing 
for the possibility of effective response reduction during a wide array of dynamic 
loading conditions (Y. Soong, Gruber, Peterson, & Rothschild, 1990). Preliminary 
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analytical and experimental studies indicate that appropriately implemented semi-
active systems perform significantly better than passive devices and have the 
potential to achieve or even surpass the performance of fully active systems (Fujino 
et al., 1996). Significantly, they have properties that can be dynamically varied with 
mechanical simplicity and low operating power requirements (Michael D. Symans & 
Constantinou, 1999).  
There are different types of semi-active dampers, namely variable-orifice fluid 
dampers, variable-stiffness devices, controllable friction devices, smart tuned mass 
dampers, tuned liquid dampers and controllable impact dampers. Controllable-fluid 
dampers have the advantage over others due to their mechanical simplicity. They 
contain no moving parts other than the damper’s piston. Two fluids that are viable 
contenders for the development of controllable dampers are, (1). Electrorheological - 
ER fluids; (2).  Magnetorheological - MR fluids. However, only MR fluids have 
shown to be tractable for civil engineering applications (Pourzeynali & Mousanejad, 
2010). (Spencer, Dyke, Sain, & Carlson, 1997) further stated that, MR dampers are 
particularly promising in addressing many of the challenges in construction 
technology, offering the reliability of passive devices, yet maintaining the versatility 
and adaptability of fully active systems, without requiring the associated large power 
sources and can operate on battery power. 
2.3 Magneto-rheological Fluid Damper 
2.3.1 Magneto-rheological Technology 
MR fluids were first discovered by Jacob Rabinow (Rabinow, 1948). MR fluid is 
able to reversibly change from free-flowing, linear viscous liquids to semi-solids, 
hence having controllable yield strength under a magnetic field. Small iron particles 
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suspended in the fluid forms linear chains parallel to the applied field when magnetic 
field applies as shown in Figure 2-2. This transition happens in a few milliseconds. 
Thus, changing of the magnitude of magnetic field could control the rheological 
transition. MR fluids are hence called as smart fluids. (Charles, 2002), (Goncalves, 
Ahmadian, & Carlson, 2006) 
 
Figure 2-2 : Magneto-rheological fluid: a) without magnetic field. b) With magnetic 
field 
 
The particle chains block the flow and convert the liquid into a semi-solid condition 
in milliseconds. This phenomenon develops a yield stress which increases as the 
magnitude of the applied magnetic field increases. (Jolly, Bender, & Carlson, 1998) 
MR dampers typically consist of a hydraulic cylinder containing micron-sized, 
magnetically polarisable particles suspended within a fluid. There are different 
operational modes MR dampers are divided into, flow or valve mode, direct shear 
mode, squeeze film mode or a combination of modes (Spencer Jr & Sain, 1997) are 
shown in Figure 2-3. Servo valves, actuators and shock absorbers usually work in the 
flow mode. Shear mode of MR fluid are employed in clutches, brakes and locking 
devices. And the squeeze mode of MR fluid is used for low motion, high force 
applications such as small-amplitude dampers. Flow mode or combination of flow 
mode and shear mode is usually employed rather than the other modes individually 
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since the dampers required for the civil engineering applications are expected to 
develop large magnitude forces (Spencer Jr & Nagarajaiah, 2003). Operational 
mode characteristics are summarized in Table 2-2.   
 
Table 2-2 : Operational mode characteristics of MR damper 
Flow modes Characteristics  
Valve mode Two surfaces are in contact with MR fluid 
Relative motion creates a shear stress in fluid 
Shear strength can be varied with the magnetic field 
Direct shear mode Fluid is pressurized to flow between two stationary 
surfaces 
Flow rate and the degree of the pressure can be adjusted  
Squeeze film mode Motion of the fluid is perpendicular to the surfaces 
Two parallel surfaces squeeze the fluid  
Magnetic field determines the force needed to squeeze the 
fluid  
 
 
Figure 2-3 : MR damper operation modes; (a) flow or valve mode, (b) direct shear 
mode, (c) squeeze film mode 
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Despite the fact that MR damper has improved seismic mitigation of structures, it has 
some shortcomings. Since these are highly nonlinear, it is complicated to treat them. 
2.3.2 Numerical Models of MR Damper 
There have been a number of attempts made to develop MR damper models. They 
can be classified mainly into two different categories; parametric models and non-
parametric models. Parametric models concern on physical characteristics such as 
viscosity and friction, which helps to describe the dynamics of the device. Soft 
computing techniques such as neural networks and fuzzy logic were employed in 
non-parametric models based on experimental information. 
2.3.2.1 Parametric models 
Bingham, Bouc-Wen, Hyperbolic tangent and Dahl friction model are some models 
which describe the MR damper characteristics in a basis of physical parameters.  The 
key features of the parametric models are presented below.  
2.3.2.1.1 Bingham model 
Bingham model is based on the Bingham plastic model. It assumes that a body 
behaves as a solid until a minimum yield stress is exceeded and then exhibits a linear 
relationship between the stress and the rate of shear deformation (Shames & 
Cozzarelli, 1992). The model consists of a Coulomb friction element placed in 
parallel with a viscous damper.  
 
Figure 2-4 : Bingham mechanical model 
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𝑓𝑚𝑟 =  𝑓𝑐  . 𝑠𝑔𝑛(?̇?) + 𝑐0?̇? +  𝑓0 Equation 2-1 
Damper force 𝑓𝑚𝑟  is given by Equation 2-1, where 𝑐0 is the damping coefficient, 𝑓𝑐  is 
the frictional force ?̇? is the piston velocity and 𝑓0 is the nonzero mean observed in the 
measured force due to the presence of the accumulator present in some devices.  
Bingham model does not reproduce the hysteretic behaviour of MR dampers, only a 
one-to-one relationship that may not be suitable for control purposes(Butz & Von 
Stryk, 2002); (Zapateiro, Luo, Karimi, & Vehí, 2009).  
 
2.3.2.1.2 Bouc-Wen model  
The hysteresis model of Bouc as modified by Wen is one of the mathematically 
simplest yet effective models that can represent a large class of hysteretic behaviour 
(Wen, 1976); (Spencer Jr & Sain, 1997) 
 
Figure 2-5 : Bouc-Wen mechanical model 
 
 𝑓𝑚𝑟 = 𝑘1(x − 𝑥0) + 𝑐0?̇? +  𝛼𝑧 Equation 2-2 
 
 ?̇? =  −∅|𝑥|̇ 𝑧|𝑧|𝑛−1 −  𝛽?̇?|𝑧|𝑛 + 𝑘0?̇? Equation 2-3 
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Force is given by Equation 2.2. Here ?̇? is the piston velocity, 𝑐0 is the damping 
coefficient, 𝑘0 is the stiffness of the device, 𝑥0 is the initial deflection of the spring, z 
is an unmeasurable evolutionary variable which accounts for hysteresis behaviour. 
𝛼 , 𝛽, ∅, 𝑛 are parameters that can be adjusted to control the shape of the hysteresis 
loop. The force 𝑓0 is due to an accumulator present in some dampers and is 
incorporated in the model as the initial deflection 𝑥0 of the spring 𝑘0. 
 
2.3.2.1.3 Hyperbolic tangent model 
Proposed by Gavin, Hoagg, and Dobossy (2001), Hyperbolic tangent model has two 
Voight elements connected by an inertial element that resists motion through the 
Coulomb friction element.  
 
Figure 2-6 : Hyperbolic tangent mechanical model 
 
 𝑥0̇ =  𝜖1𝑥0 + 𝜖2𝑥 + 𝜖3𝑓0tanh (𝑥0̇/𝑉𝑟) Equation 2-4 
𝑓𝑚?̂? =  [
−𝑘1
−𝑐1
]
𝑇
𝑥0 +  [
𝑘1
𝑐1
]
𝑇
𝑥 
𝜖1 =  [
0 1
−
(𝑘0 + 𝑘1)
𝑚0
−
(𝑐0 + 𝑐1)
𝑚0
] 
𝜖2 =  [
0 0
−
𝑘1
𝑚0
−
𝑐1
𝑚0
]      𝜖3 = [
0
−
1
𝑚0
] 
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Here  𝑘1 – spring and 𝑐1- dashpot model the pre-yield viscoelastic behaviour while 
𝑘0 and 𝑐0 model the post-yield behaviour; 𝑚0 is the inertia of the device and 𝑓0 is the 
yield force. 𝑥0 denotes plastic deformation while 𝑥0̇ is its rate. The term 𝑓0tanh (𝑥0̇/
𝑉𝑟) approximates the yielding mechanism. 𝑉𝑟  is a reference velocity which governs 
the sharpness of the yield function.  
2.3.2.1.4 Dahl friction model 
The Dhal model is a Coulomb friction element with a lag in the change of friction 
force when the direction of motion changes. The mechanical model proposed for a 
shear-mode MR damper(viscous + Dhal). Model has also been used in large scale 
MR damper modelling (Aguirre, Ikhouane, Rodellar, Wagg, & Neild, 2010).  
 
Figure 2-7 : Dhal mechanical model 
 
 𝐹 =  𝑘𝑥(𝑣)?̇?(𝑡) +  𝑘𝑤(𝑣)𝑧(𝑡) Equation 2-5 
 ?̇? = 𝑝(?̇? − |?̇?|𝑧) Equation 2-6 
 
Mathematical model for the Dhal is given in Equation 2.6, where 𝑘𝑥 and 𝑘𝑤 are 
voltage dependant parameters.  
Background and Literature Review 24 
 
2.3.2.2 Non parametric models 
These models are used for MR damper models based on experimental data. Neural 
network model and Fuzzy logic model are commonly used non-parametric models. 
Important attributes of different non-parametric models are presented in Table 2-3.  
  
Table 2-3 : Non parametric MR models 
Model Description 
 
Neural network 
model 
 Ability of modelling nonlinear systems 
 Relatively easy to model inverse dynamics of 
damper 
 Output of a control signal makes damper to 
generate the desired damping force 
Fuzzy logic model  Used to model small and large scale MR dampers 
 Structure is similar to neural network 
 Functionally equivalent to a fuzzy inference system 
n-order polynomial 
method 
 Divide the force-velocity loop in two regions and 
take into account the varying magnetic field 
 
Zapateiro et al. (2009) confirmed that experimental and predicted responses to be 
found in Bouc-Wen, Hyperbolic Tangent and Neural Network models were in a good 
agreement. These models reproduce the hysteretic force- velocity response. 
Furthermore these predicted the nonlinear relationships among variables in a high 
degree of accuracy.  
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It can be deduced that Bouc-Wen model, as a parametric model is well suited to 
represent the damper dynamics. Though it is mathematically simple relative to 
others, it accurately predicts the response of the damper well.  
2.3.3 Control techniques for MR Dampers 
A number of control techniques were used in structural control using MR dampers. 
Controller design is governed by a number of parameters such as characteristics of 
the seismic event, actuator behaviour, and its parameters. Commonly used control 
techniques can be reviewed as follows; 
2.3.3.1 Clipped Optimal Control 
This control technique was proposed by Dyke, Jr, Carlson, and J (1996) based on 
acceleration feedback, eliminating the need for a full state (velocity and 
displacement) feedback. A linear optimal controller calculates the desired control 
force according to measurements. Magnetic field which is controlled by voltage or 
current is the only way to command the force of the MR damper. This method was 
effectively used in a number of studies (Spencer Jr & Nagarajaiah, 2003); (Zapateiro 
et al., 2009); (Pourzeynali & Mousanejad, 2010); (Ha, Kwok, Nguyen, Li, & Samali, 
2008) with few modifications in different circumstances. But the MR damper 
dynamics are not taken into account in this method.  
2.3.3.2 Control based on Lyapunov’s Stability Theory  
Kim and Kang (2012), Spencer Jr and Nagarajaiah (2003) and Manolis Papadrakakis, 
Fragiadakis, Lagaros, and Plevris (2011) carried out research on reducing vibrations 
in buildings and bridges with MR dampers using Lyapunov’s control. According to 
the Lyapunov’s stability theory, origin is stable if the function ‘V’ is positive definite 
and the derivative of V is negative, semi-definite. 
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2.3.3.3 Bang-bang Control 
A strategy to reduce the rate at which the energy is transmitted to the structure is 
used. A Lyapunov function ‘V’ was chosen to represent the total vibratory energy of 
the system. The control voltage of the damper is then selected to minimize the 
derivative of V. Bahar, Pozo, Acho, Rodellar, and Barbat (2010) used this control 
methodologies in a structure with MR dampers. However velocity and the damper 
force are the only considerations in controller designing.   
2.3.3.4 Quantitative Feedback Theory 
This is a frequency control technique which can be used in nonlinear systems also.  
After first introduced to linear structures, it was extended by Zhu, Luo, and Dong 
(2004) to structures equipped with MR dampers. Feasibility of QFT in larger systems 
was showed by small scale experiments.  
 
All these previously discussed control techniques belong to a category called ‘model 
based control’. There is another category where soft computing techniques were 
introduced, ‘technology based control’.  
Neural networks, fuzzy logic and genetic algorithms are the most widely applied 
technology based control methodologies to model and control MR dampers. Asai, 
Spencer, Iemura, and Chang (2013), Tu, Yang, He, and Wang (2012), and Rich, 
Doyle, and McKinley (2012) studied the feasibility of fuzzy logic controllers to 
reduce the structure response.  
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The speed of the execution of these algorithms is higher than that of ‘model based 
controllers’. Additionally inverse model of the MR damper is easier to obtain in 
technology based controllers.  
2.4 Performance Based Design 
Performance based seismic design is gaining popularity because of the continuing 
desire to limit excessive damage and maintain function of the structure after a 
moderate earthquake. In this, structural design criteria are expressed in terms of 
performance objectives. These objectives may vary based on the design goals which 
may be a level of stress not to be exceeded, a maximum load, a maximum 
displacement, a limit state, or a damage state. FEMA guidelines (FEMA, 1997), 
established in 1997 was the first of a series of documents which serve the purpose of 
providing the basic guidelines for seismic rehabilitation of buildings. Although these 
guidelines originally developed for the rehabilitation of existing buildings, a lot of 
novel ideas have derived for in cooperated into design of new buildings.  
Three main documents have contributed to implement performance based design; 
SEAOC (1995), A. ATC (1996) and FEMA (1997). SEAOC (1995) defines a series 
of performance objectives and recommendations for uniform engineering procedures 
for performance based engineering. FEMA (1997) provides the analysis procedures 
for performance based design and introduces  subjective factors to address the issue 
of structural uncertainty.  Including few improvements subsequent development of 
FEMA (1997) came as FEMA-356 (2000). American Society of Civil Engineers 
(ASCE) then produced ASCE/SEI 41-06 (ASCE/SEI_41-06, 2007) introducing 
significant improvements over FEMA-356 (2000). ASCE 41-06 stands as the current 
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accepted performance based design guideline to be used in the seismic assessment of 
buildings.  
Performance based design procedure begins with the selection of design criteria, 
stating performance objectives. Thereafter an appropriate preliminary design concept 
is introduced. For a considered hazard level, the structural performance is assessed. 
The design needs to be revised until the desired performance level is achieved. In any 
case, the performance objectives cannot be met then an alternative structural system 
may be selected.  
Performance Objectives  
The seismic performance is quantified in terms of story drift and member plastic 
rotation (Lee, Ricles, & Sause, 2009). Table 2-4 summarizes the performance levels 
recommended by FEMA (2000) for steel moment frames. In this example, three 
different performance objectives for the prototype structure are considered,  
1. Limit the story drift to 1.5% under the Design Based Earthquake (DBE) 
excitation 
2. Limit the story drift to 3.0% under the Maximum Considered Earthquake 
(MCE) excitation 
3. Design strength of members in the MCE shall not be exceeded by the demand 
imposed by the DBE ground motion  
The MCE ground motion is represented by a response spectra that has a 2% 
probability of exceedance in 50 years, and the DBE ground motion is 2/3rd the 
intensity of the MCE ground motion (FEMA, 2000). The performance objectives of 
1.5% story drift satisfies the life safety performance level under the DBE. The 3% 
story drift satisfies the collapse prevention level under the MCE, as defined in Table 
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2-4 to minimize the damage and repair cost to the DBF structure, the DBF structure 
is intended to remain elastic under the DBE. 
 Table 2-4 : Structural performance levels 
Type Structural Performance Level 
Immediate 
Occupancy 
Life safety Collapse 
Prevention 
Primary* Minor local 
yielding at a few 
places. No 
fractures. Minor 
buckling or 
observable 
permanent 
distortion 
of members 
Hinges form. Local 
buckling of some 
beam elements. Severe 
joint distortion; 
isolated  
moment connection  
fractures, but shear 
connections remain 
intact. A few elements 
may experience partial  
fracture. 
Extensive 
distortion  
Of beams and 
column panels. 
Many fractures at 
moment 
connections, but 
shear connections 
remain intact. 
Secondary** Same as primary. Extensive distortion of 
beams and column 
panels. Many fractures 
at moment 
connections, but shear  
connections remain 
intact 
Same as primary 
Drift 0.7% transient; 
negligible 
permanent 
2.5% transient; 1%  
permanent 
5% transient or  
permanent 
* Primary elements and components: elements and components that provide the 
capacity of the structure to resist collapse under seismic forces  
** Secondary elements and components: other elements and components than 
primary ones 
In the present study, in addition to the above performance objectives, the maximum 
tip deflections will also be evaluated and limited to be within limits.  
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2.5 Previous Application of MR Damper in Civil Engineering 
Due to the promising nature of MR damper in seismic mitigation it has received 
some attention during the past two decades. MR damper was first used for seismic 
mitigation by Dyke et al. (1996). In that a modified Bouc –Wen model (Spencer Jr & 
Sain, 1997) was used to represent the hysteresis behaviour of MR damper and a 
clipped-optimal acceleration feedback control as MR damper controller.  
Large scale MR dampers are currently used in the building industry. A 20-ton MR 
damper was developed by Lord Corporation and the University of Notre Dame, US. 
With 250 kg of mass, 1m of length it occupies 6 litres of MR fluid and has a stroke 
of +8cm(Yang et al., 2002). In this design, the electromagnet is inside the cylinder 
and the MR fluid passes through an annular gap between the electromagnet and the 
inner cylinder. This design uses an accumulator to make up for the volume of fluid 
displaced by the piston rod which is going into the damper(Snyder, Kamath, & 
Wereley, 2000); (Snyder & Wereley, 1999).  
Sanwa Teiki Corporation in Tokyo, Japan designed a 30-ton MR damper for testing 
at National Centre for Research on Earthquake Engineering in Taipei, Taiwan. It has 
a stroke of 24 cm (Oh, Onoda, & Minesugi, 2004). 
Yoshida and Dyke (2004) conducted a research on the capabilities of semi-active 
control systems using magneto-rheological dampers, when applied to numerical 
models of full scale asymmetric buildings. A nine storey rectangular building with 
asymmetry due to setbacks is used in the experiment. A device placement scheme 
based on genetic algorithm (GA) was used to place the control devices effectively.  
Three separate control systems were studied during the process; passive-on, clipped 
optimal and ideal active control. The passive-on controllers corresponded to the 
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situations in which a constant maximum voltage is applied to the MR damper, the 
clipped optimal controllers corresponded to the semi-active control systems using 
MR dampers and the ideal active controller employed an active control system which 
can apply ideal control forces to the building. Results showed that the semi-active 
clipped optimal control system achieves a performance similar to that of the ideal 
active controller. In most cases, the ideal active controller achieves a modest 
improvement over the clipped-optimal controller, but in some cases the clipped-
optimal system performs slightly better than the ideal active control system in 
reducing the normed inter-story drift, although it uses very little power. Compared to 
passive-on system, clipped optimal controller is significantly better in reducing the 
acceleration responses of both maximum and normed values.   
 
2.6 Summary  
This chapter described the current state of art for structural control, description of 
MR damper and its modelling and performance based design. Passive, active and 
semi-active damper systems were introduced. Higher attention has given to MR 
dampers, a type of semi-active damper.  Existing MR damper models and semi-
active control techniques were reviewed. Both parametric and non-parametric 
models are discussed while further attention has given to parametric models of MR 
damper where mechanical components are governing the design philosophy. 
Moreover this chapter gives an insight into performance based design philosophy, 
which current seismic design guidelines encouraged the designers to use in practice.  
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Chapter 3 : Damper Model Development and 
Verification 
 
3.1 Introduction 
This chapter describes the modelling of damper systems and their integration into 
building structures. The major damping mechanism considered is the MR damper. 
Thereafter modelling of passive damping mechanisms, namely friction and 
viscoelastic damping mechanisms are discussed. Different structural analysis 
procedures are discussed and are later used in design of structures. In order to 
validate the modelling technique a three storey structure with a single damper and a 
six storey building structure with multiple dampers are considered. Both models have 
been experimentally tested previously.    
 
3.2 Damper Design Criteria 
3.2.1 MR dampers 
MR damper behaviour can be well explained by a mathematical model which 
describes the nonlinear hysteretic behaviour. Since MR damper uses measured 
structural response to determine the required control force, it caters to varying 
external loading conditions.  Damping characteristics of an MR damper is governed 
by the current applied to the electromagnet. Structure response, applied current and 
damper forces therefore work simultaneously in the MR damper modelling. The MR 
damper herein has a maximum capacity of 1700kN in accordance with structure 
response.  
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Modelling the MR damper consists of two basic steps, MR damper controller and 
MR force generator.  
1. MR damper controller  
MR damper is controlled by the current generated by the controller. To do so, control 
force signals need to be converted into current signals to operate the MR damper. 
Two approaches are preferred, using an inverse model of the MR damper or using an 
algorithm which converts control forces into current signal.  
MR damper can be used either in passive or semi-active mode for the control of a 
structure. A constant current is supplied to the MR damper while it is in passive the 
mode. Feedback data is not generated for the controller and damper force is 
generated passively for the given current. The semi-actively controlled MR damper 
system uses feedback data occupying sensors and controllers. General definition for 
a semi-actively control device is that a device has properties which do not input 
energy into the system that is being controlled. In MR dampers it is the current going 
into the damper which controls the damper force. This current can change the 
magnitude of damper force by changing the intensity of the magnetic flux from the 
electromagnetic coil, but it cannot change the direction of the damper force in a 
given state, like an active controller.  
 
2. MR damper force generator 
To determine the appropriate control force, a semi-active controller involves the use 
of optimal control theory along with feedback data collected from sensors such as 
accelerometers, load cells, displacement transducers, etc. This model is also known 
as a MR damper forward model. 
Schematic diagram of MR damper system in a building is shown in Figure 3.1; 
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Figure 3-1: Schematic diagram of MR damper system.  
 
In order to evaluate the performance of the MR system and MR-passive damper 
systems, computer models are formulated based on the equations of motion for the 
dynamic systems. These equations of motion are written in state-space form which 
benefits this simulation because the MATLAB Simulink Dynamic System Simulator 
(TheMathWorksInc., 2014) is capable of processing the ordinary differential 
equations at real-time speeds (Das, Datta, & Madan, 2012). 
3.2.2 Viscoelastic Dampers 
Dampers are modelled as a linear spring and dash-pot in parallel. In this model, the 
spring represents stiffness and the dashpot represents damping. Abbas and Kelly 
(1994) defines the stiffness and damping coefficients as follows,  
 
 𝑘𝑑 =  
𝐺′𝐴
𝑡
 Equation 3-1 
 𝐶𝑑 =  
𝐺"𝐴
𝜔𝑡
 
Equation 3-2 
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𝐴 = Shear area of the VE material 
𝑡 = Thickness of the VE material 
𝜔 = Loading frequency of the VE damper 
𝐺′ = Shear storage modulus 
𝐺" = Shear loss modulus  
 
 𝐺′ = 16𝜔0.51𝛾−0.23𝑒(72.46/𝑇𝑒𝑚𝑝) 
Equation 3-3 
  
 
 𝐺′′ = 18.5𝜔0.51𝛾−0.20𝑒(73.89/𝑇𝑒𝑚𝑝) 
Equation 3-4 
𝛾 = Shear Strain   
Linear viscoelastic model as a function of strain has been introduced in MATLAB 
dynamic solver. Temperature is kept constant at 240C during the analysis. Values for 
𝑘𝑑 is taken as 10,000 kN/m and  𝑐𝑑 is taken as 63000 kN/m. 
 
3.2.3 Friction Dampers 
Frictional contact was introduced using a Coulomb friction element in which the 
energy was absorbed via sliding friction. Friction generated by the relative motion of 
the two surfaces that press against each other and covert the kinetic energy of the 
system into heat.  
Most commonly used friction model is the Coulomb friction model. This can be 
formulated as,  
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 𝐹 = {
𝐹𝑐 sgn(𝑣)               𝑖𝑓  𝑣 > 0
𝐹𝑎𝑝𝑝                       𝑖𝑓 𝑣 = 0 𝑎𝑛𝑑  𝐹𝑎𝑝𝑝 < 𝐹𝑐    
 
Equation 3-5 
  
 
Where F is the friction force, 𝑣 = ?̇?  the sliding speed and Fapp is the applied force on 
the body. Fc is the Coulomb sliding friction force, 
Numerical simulation of the system with friction damper was carried out in Matlab 
Simulink environment. Coulomb friction model assumes that zero relative motion 
occurs until frictional stress reaches critical stress, which is proportional to the 
contact pressure.  The contact problem is therefore in the linear range, since all the 
states are governed by linear equations.  
 
3.2.4 Combined damper systems 
Two different damper combinations are used in the study.  
1. Combined Friction – MR damper system 
2. Combined Viscoelastic – MR damper system 
Performance of the friction damper is better when it is installed in the upper floors 
while VE damper performs better when installed in the lower floors (Marko et al., 
2004). The selection of damper placement is hence decided according to the previous 
passive damper based research. During the analysis, the MR damper is kept in the 
lower floors to obtain the best seismic performance of the building.  
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3.3  Analytical Procedures  
American Society of Civil Engineers(ASCE) Standard 41-06 (ASCE/SEI_41-06, 
2007) discuss four different analytical procedures to be used in seismic evaluation of 
structures. These procedures, namely Linear Static Procedure (LSP), Linear Dynamic 
Procedure (LDP), Nonlinear Static Procedure (NSP), and Nonlinear Dynamic 
Procedure (NDP) are explained thoroughly in ASCE 41-06. In this dissertation 
modelling technique used in Chapter 4 and Chapter 5 are based on Linear Dynamic 
Procedure (LDP), while Chapter 6 based on Nonlinear Dynamic Procedure (NDP).  
3.3.1 Linear Static Procedure (LSP) 
This procedure is a quick and easy way to obtain the approximate response of a 
structure. In order to more accurately approximate the maximum displacement 
achieved during a seismic event, the LSP utilizes a lateral load that is generally much 
greater than the capacity of the structure. The load is then distributed vertically based 
on the seismic weight, height of each story, and building period. The LSP model 
represents the building with a linear-elastic stiffness that corresponds to the 
building’s stiffness before yield occurs. Although the procedure is described as 
linear, geometric nonlinearity such as P-delta effects are considered. 
Because the lateral load used is generally greater than the capacity of the structure, 
ASCE 41-06 provides factors, called m-factors, to reduce demands on the individual 
components of the structure. M-factors are used as a measure of the nonlinear 
deformation capacity of the components in the structure and indirectly incorporate 
the nonlinear response of a building to the linear analysis procedures. 
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3.3.2 Linear Dynamic Procedure (LDP) 
This is based on the loading generated using modal response spectrum analysis or 
linear time history analysis. As in the LSP, the building is modelled with linearly-
elastic stiffness and analysed with a base shear that is generally greater than the 
capacity of the structure. M-factors and acceptance criteria for the components are 
the same as in the LSP. The effect of higher modes is considered in the LDP 
procedure; therefore the base shear produced is generally smaller than the base shear 
from the LSP. 
3.3.3 Nonlinear Static Procedure (NSP) 
This is also referred as pushover analysis, directly incorporates the nonlinear 
response of members in the structure. A model of the structure that incorporates the 
“nonlinear load-deformation characteristics of individual components of a building” 
is loaded with “monotonically increasing lateral loads representing inertia forces in 
an earthquake until a target displacement is exceeded” (ASCE/SEI_41-06, 2007). 
Structures that have significant higher mode effects are not permitted to be analysed 
using only the NSP because a pushover analysis is generally performed with a single 
loading pattern and higher modes lead to different yielding patterns; therefore, 
structures that do not have a dominant mode cannot accurately be analysed using 
only the NSP. 
3.3.4 Nonlinear Dynamic Procedure (NDP) 
Loading and computational methods are different in NDP, although it uses the 
similar computer models as in NSP. The response of the structure is generated using 
nonlinear time-history analysis. ASCE 41-06 requires the NDP be performed with a 
minimum of three earthquake ground motions. If fewer than seven ground motions 
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are performed, the maximum demand in any component must be used for design. If 
seven or more ground motions are performed, an average value from the analyses 
may be used. 
3.4 Integrating MR damper into a Structure 
State space representation of the equation of motion for a dynamic system was used 
in the study. The dynamic systems are described by ordinary differential equations 
where time is the independent variable. By using vector-matrix notations, an nth-
order differential equation may be expressed by a first order vector-matrix 
differential equation (Dyke et al., 1996).  
 Ẋ =  AX + BU Equation 3-6 
 Y =  CX + DU Equation 3-7 
Where X is the state vector. X ̇ denotes differentiation of X with respect to time. 
A,B,C,D are state space matrices. U is the vector of the measured control forces and 
Y is the measured output. Further description of state space equation will be 
discussed in the following chapters.  
Since the floor slab is assumed to be rigid in the horizontal plane, all the nodes 
associated with each floor have the same horizontal displacements. This assumption 
can be used in writing constraint equations relating the dependent horizontal DOFs 
on each floor slab to a single active horizontal DOF and using a Ritz transformation 
(Craig & Yung-Tsen, 1982). 
In this research the Clipped Optimal Control algorithm which will be discussed in 
section 3.4.2 is used as damper controller. When the building is subjected to dynamic 
loading, the building model delivers the velocity and displacement response of the 
floor mass to a current controller and to a numerical MR damper model, which then 
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calculates and feeds back the damper resistance force to the equation of motion for 
next step calculation. 
The controller designed for this study was verified with the control design model of 
the structure of interest.   This was completely modelled in a MATLAB/Simulink 
environment. A state-space model of the structure was placed in a Simulink block 
with inputs of ground motion excitation and damper force.   The  outputs  of  this  
block  are  displacements, velocities  and  accelerations,  the  last  of  which  were  
fed  into  the  controller  block containing  the  state-space  model  of  the  controller.  
For the purpose of obtaining the correct response values converted in to an electronic 
signal, high fidelity sensors are used. The  controller  block  then  feeds  the desired  
force  into  a  MR  damper  model.  Finally the control device feeds the actual 
damper forces back into the structure. The benefit of semiactive control was shown 
during the analysis. For the stories in which  passive  on  or  passive  off  control  
seemed  to  perform  better  for  any  given  event, semiactive control seemed  to 
provide the better performance at each story while creating a more congruent inter-
story drift across all floors. 
 
Figure 3-2: Simulink model for structural simulation with MR damper 
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In order to effective use of the MATLAB-Simulink model, recent introduced 
structural tool by CSI (CSI, 2013), SAP2000-OAPI is used in this research. The 
SAP2000 Open Application Programming Interface (OAPI) is a programming tool 
which aims to offer efficient access to the analysis and design technology of the 
SAP2000 structural analysis software, by allowing, during run-time, a direct bind to 
be established, between a third-party application and the analysis software itself (M 
Papadrakakis, Fragiadakis, & Plevris). Simulations are carried out in SAP2000 
OAPI, where both Simulink damper model and SAP2000 finite element model are 
running simultaneously.                                                                       
 
3.4.1 Solution for the Equation of Motion  
This research uses the state-space approach to solve the equation of motion. Standard 
form of the state-space equation is a first-order differential equation. Either SDOF or 
MDOF dynamic problems can be formulated in to this form.  
Advantages of using a state-space approach in dynamic problems are:  
 Theoretical basis for the standard state-space method is complete and readily 
obtained 
 Discrete time solution is systematic 
 Easy for numerical implementation 
 Unlike other numerical methods for structural analysis, discrete time solution 
does not require any assumptions on the variation of the acceleration response 
within each time increment (Lu, Chung, Wu, & Lin, 2006) 
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Once the system properties (mass, stiffness and damping) are identified, the relevant 
equation of motion can be obtained.  
The equation of motion for a system with relative motion of the mass with respect to 
the support can be written in following form,  
 [m]ẍ + [c]ẋ + [k]x =  −[Ʌ][xg̈] Equation 3-8 
 
In which [m], [c], and [k] are the mass, damping coefficient and stiffness 
respectively and x, ẋ, ẍ are the relative displacement, velocity and acceleration of the 
mass. [Ʌ] is the excitation distribution vector. 
 
Figure 3-3: Models for a single degree of freedom (SDOF): (a) spring-mass dashpot; 
and (b) idealized single storey frame 
A dynamic system consisting of a finite number of lumped elements may be 
described by ordinary differential equations in which time is the independent 
variable. By use of vector-matrix notations, an nth order differential equation may be 
expressed by a first order vector-matrix differential equation in a state equation. 
(Ogata, 2010) 
State space form for SDOF system can be expressed as follows,  
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 [x]̇ = A[X] + f Equation 3-9 
  
 
In which,  
 X = [
x
ẋ
] ;    A =  [
0 1
−[m]−1[k] −[m]−1[c]
] ;   f =  [
0
−[Ʌ]
] xg̈ Equation 3-10 
  
 
 
Therefore the equation of motion for a SDOF system in matrix form is,  
 [
ẋ
ẍ
] =  [
0 I
−[m]−1[k] −[m]−1[c]
] [
x
ẋ
] + [
0
−[Ʌ]
] xg̈ Equation 3-11 
  
 
Combining equations in the matrix form, 
 [
x
ẋ
ẍ
] = [
I 0
0 I
−[m]−1[k] −[m]−1[c]
] (
x
ẋ
) + [
0
0
−[Ʌ]
] (xg̈) Equation 3-12 
  
 
State space is used to convert the second order differential equation into first order 
differential equations with the state space vector    
 X = [x ẋ]T Equation 3-13 
 Ẋ =  AX + BU Equation 3-14 
 Y =  CX + DU Equation 3-15 
Where the system matrices are as follows,  
State matrix,   
    A =  [
0n×n In×n
[−M−1K] [−M−1C]
] 
Equation 3-16 
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Input matrix,     
 B =  [
0
−[Ʌ]
] 
Equation 3-17 
Output matrix,  
 C =  [
In×n 0n×n
0n×n In×n
[−M−1K] [−M−1C]
] 
Equation 3-18 
   
Feedthrough matrix,   
 D =  [
0
0
−[Ʌ]
] Equation 3-19 
(Feedback to the system) 
Where, n = number of stories 
MR Damper force provides resistance for the structure against the seismic excitation 
force. It is assumed that the MR damper resistant force fd is adequate to keep the 
structure in the linear region. Therefore Equation 3-8 needs to be modified 
accordingly to include the damper force. 
 [𝑚]?̈? + [𝑐]?̇? + [𝑘]𝑥 =  −[Ʌ][𝑚]𝑥?̈? − [Г] 𝑓𝑑𝑥] Equation 3-20 
Where, [ɼ] is the MR damper placement matrix, 
The corresponding state space form will be,  
 [
𝑥
?̇?
?̈?
] =  [
𝐼 0
0 𝐼
−[𝑚]−1[𝑘] −[𝑚]−1[𝑐]
] [
𝑥
?̇?
] + [
0
0
−[Ʌ]𝑥?̈? − [𝑚]
−1[Г] 𝑓𝑑
] Equation 3-21 
 
Standard state-space form can be written using Equation 3-14 and Equation 3-15,  
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Where, 
𝐵 =  [
0𝑛×1 0𝑛×1
𝑀−1Г −[Ʌ]
] 
𝐷 =  [
0 0
0 0
𝑀−1Г −[Ʌ]
] 
In order to compare MR damper effect for a system, Simulink model was developed 
and the system response was observed. System without any external damper, system 
with increased inherent damping and a system with MR damping were compared.  
3.4.2 Clipped optimal control algorithm  
MR Damper requires a proper control to generate the damping force effectively. 
Force produced by the MR damper cannot be directly controlled. The voltage or 
current controls the MR damper force according to the response of the structure. 
Based on this observation, the following guidelines were used to develop the control 
algorithm (Metwally, El-Souhily, & Aly, 2006).  
i. The control voltage to the ith device is restricted to the range 𝑉𝑖 =
 [0, 𝑉𝑚𝑎𝑥]        
ii. For a fixed set of status, the magnitude of the applied force increases 
when 𝑉𝑖 increases, and decreases when 𝑉𝑖  decreases.  
Clipped optimal control (Tseng & Hedrick, 1994) is proposed by (Dyke et al., 1996). 
The aim is to design a linear optimal controller 𝐾𝑐which calculates a vector of 
desired control forces, 𝑓𝑐  =  [𝑓𝑐1  𝑓𝑐2 … … … 𝑓𝑐𝑛]
𝑇 based on the measured structural 
response 𝒀 and the measured control forces vector 𝒇𝒅 applied to the structure.  
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 𝑓𝑐 = 𝐿
−1 {−𝐾𝑐𝐿 {
𝑌
𝑓𝑑
}} Equation 3-22 
Where, 𝐿{ . } is the Laplace transform. 
The algorithm for selecting the command signal for 𝑖th  value of MR damper can be 
written as,  
                                                 𝑉𝑖 =  𝑉𝑚𝑎𝑥𝐻((𝑓𝑐 − 𝑓𝑖 )𝑓𝑖) Equation 3-23 
 
   𝑉𝑚𝑎𝑥  =   maximum voltage applied to the current driver (with saturation of 
magnetic field) 
    𝑓𝑐      =   desired optimal force 
    𝑓𝑖      =   force produced by the 𝑖
th MR damper 
   𝐻       =   Heaviside step function   
This algorithm commanded the voltage 𝑉𝑖 as follows. When the MR damper is 
providing the desired optimal force, the voltage applied to the damper should remain 
at the present level. If the magnitude of the force produced by the MR damper is 
smaller than the magnitude of the optimal force and the two forces have the same 
sign, the voltage applied to the current driver is increased to the maximum. 
Otherwise the command voltage is set to zero.  
 
3.5 Earthquake Signals 
In this research three earthquake excitations have been used, El-Centro, Northridge 
and Kobe. These three have unique seismic parameters such as peak acceleration, 
duration of strong motion. Therefore the analyses results will showcase an effective 
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overall mitigation. First 20 seconds of the excitation is chosen for the analysis, where 
the strong motion occurs.  
3.5.1 El-Centro Earthquake 
Figure 3-4 shows the North-South component recorded at Imperial Valley irrigation 
District substation in El-Centro, California, during the Imperial Valley, California 
earthquake of May 18, 1940. The magnitude is 7.1 in Richter scale. The maximum 
ground acceleration is about 3.495 ms-2. The vertical component has a maximum 
acceleration of 2.56 ms-2. 
 
Figure 3-4: Time history for El-Centro horizontal component 
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3.5.2 Kobe earthquake  
The Great Hanshin earthquake occurred at 5:46 a.m. on Tuesday, January 17, 1995 
which is also called as Kobe earthquake. The magnitude is 7.3 in Richter scale. Time 
history record for Kobe earthquake is given in Figure 3-5.  
 
Figure 3-5: Time history of Kobe earthquake 
 
3.5.3 Northridge earthquake 
The 1994 Northridge earthquake occurred on January 17, at 4:30:55 a.m. The 
magnitude is 6.7 in Richter scale. Time history record for Kobe earthquake is given 
in Figure 3-6. 
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Figure 3-6 : Time history of Northridge earthquake 
 
3.6  Validation of the Finite Element Model  
Two different examples are validated in order to confirm the validity of the 
modelling techniques which are used in this research.  
Three story structure with a single damper which is experimentally tested at 
Structural Dynamics and Control/ Earthquake Engineering Laboratory at University 
of Notre Dame is used as the first example. Results obtained from Matlab Simulink 
model described in section 3.4 are compared with experimental results.  
For the second example a six storey structure with multiple MR dampers is selected. 
This is experimentally investigated in the Washington University Structural Control 
and Earthquake Engineering Laboratory. For modelling of this structure SAP2000 
OAPI is used in conjunction with MATLAB. While structural model is modelled and 
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run in SAP2000, MATLAB Simulink provides the MR damper action to the 
structure. This is a non-linear time history Analysis (NLTHA).   
 
3.6.1 Three story structure with single damper 
A scaled three story building with a single MR damper is used for the validation. 
This has been used in previous experimental studies at the Structural Dynamics and 
Control/ Earthquake Engineering Laboratory at University of Notre Dame. Scaled 
El-Centro earthquake by five times the recorded speed is used as the excitation and 
the SD 1000 MR damper model is used as the damper. Structure model with the 
damper is shown in Figure 3-7. 
 
Figure 3-7: Building with mounted MR damper 
The building parameters from the study are:  
𝑀 = [
98.3 0 0
0 98.3 0
0 0 98.3
] ,           𝐶 = [
175 −50 0
−50 100 −50
0 −50 50
] 
𝐾 = 105 × [
12 −6.84 0
−6.84 13.7 −6.84
0 −6.84 6.84
]  ,          Г =  [
1
0
0
] ,          Δ =  [
1
1
1
]       
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Solution of the equation for the un-damped free vibration gives the natural 
frequencies of the building.  
 𝑀?̈? + 𝐾𝑥 = 0 Equation 3-24 
The dynamic matrix is, 
 𝐷 =  𝑀−1𝐾 Equation 3-25 
𝐷 =  104 × [
1.228 −0.6958 0
−0.6958 1.3937 −0.6958
0 −0.6958 0.6958
] 
Square root of the eigenvalues of the matrix D gives natural frequencies while 
eigenvectors of the matrix gives mode shapes.  
The response of the structure depends on the natural frequencies and mode shapes of 
the structure. When frequency of the earthquake is close to the natural frequency of 
the building, it becomes more vulnerable to earthquake induced damage. Frequency 
and the periods of the different floors are compared in Table 3-1 to check whether 
they are within the legal limits.  
Table 3-1 : Natural frequencies and periods comparison of the model 
Mode  First Floor Second Floor Third Floor 
Frequency (Hz) 5.46 15.8 23.63 
Frequency (Hz) - Simulation 5.38 16.64 24.31 
Period (s) 0.183 0.063 0.042 
Period (s) - Simulation 0.186 0.060 0.041 
 
Model discussed in the previous section was simulated in MATLAB Simulink. The 
building model was excited with the scaled El-Centro earthquake.  
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Figure 3-8 and Figure3-9 show displacement and acceleration time histories of the 
building floors respectively.  Peak displacement and peak acceleration of the 
uncontrolled system were compared with the results obtained by Dyke et al. (1996) 
to validate the present modelling techniques. Results are presented in Table 3-2 from 
which it is evident that the two sets of results agree well and provide confidence in 
the modelling techniques used in the present research. 
 
Figure 3-8 : Floor displacements of uncontrolled structure  
 
Figure 3-9: Floor accelerations of uncontrolled structure  
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Table 3-2: Peak response comparison - Uncontrolled 
  First floor Second 
floor 
Third 
floor 
Peak Displacement 
(cm) 
Dyke  0.538 0.820 0.962 
Simulation 0.545 0.828 0.968 
Peak Acceleration  
(ms-2) 
Dyke  8.56 10.3 14.0 
Simulation 9.09 10.2 12.9 
 
The developed MR damper was next attached to the base of the building which was 
subjected to the same seismic record and the results were observed. In this, a passive-
off system was used, where the voltage of the damper is set to 0 V. Figure 3.10 
shows the Displacement-Time histories of the floors. Table 3-3 compares the 
simulation results with those from Dyke et al. (1996). Results show an excellent 
approximation between values of Dyke and simulation values. 
 
 
Figure 3-10: Floor displacement of MR damper controlled structure – passive off 
case 
 Table 3-3 : Peak response comparison – Passive off case 
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  First floor Second floor Third 
floor 
Peak Displacement 
(cm) 
Dyke 0.211 0.357 0.455 
Simulation 0.214 0.362 0.451 
 
3.6.2 Six storey structure with a Group of dampers  
 
Experimental investigations were performed in the Washington University Structural 
Control and Earthquake Engineering Laboratory (Dyke et al., 1996). The seismic 
simulator had an operational frequency range of 0–50 Hz, a stroke of 15 cm, could 
achieve velocities of over 75 cm/sec, and is capable of imparting accelerations 
greater than 4 g's to a 900 kg test load. The MR devices employed here are prototype 
devices, obtained from Lord Cooperation (LORD) for testing and evaluation. The 
device consists of two steel plates placed parallel to each other. The dimensions of 
the damper are 4.45x1.9x2.5 cm. The magnetic field produced in the device is 
generated by an electromagnet consisting of a coil wrapped at one end of the device. 
The test structure was a six story building controlled with four MR dampers. Two 
devices are rigidly connected between ground and the first floor, and the other two 
devices are rigidly connected between the first and second floors. Capacity of a 
single MR damper is set to 1.8% of the weight of the entire structure.  
The test structure used in this experiment is a six-story, single bay, steel frame. The 
structure is 180 cm tall and has a total mass of 147 kg which is distributed uniformly 
among the floors. Shear mode MR dampers are placed between the ground and first 
floor, and between the first and second floors of the structure. Two dampers are used 
on each of the two floors. A number of sensors are installed in the model building for 
use in determining the control action. Accelerometers located on the first, second, 
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fourth and sixth floors provide measurements of the absolute accelerations, and a 
force transducer is placed in series with one MR damper on each floor to measure the 
control force being applied to the structure. A schematic diagram of the experimental 
setup is shown in Figure 3-10. Maximum MR damper input to the device was set to 
5V. Table 3-4 compares the simulation results with those from the experiment. The 
results show an excellent agreement between the experimental values and the 
simulation values. 
 
 
Figure 3-11: Schematic diagram of the MR damper implementation 
 
 
 
 
 
 
 
 
 
 
 
Table 3-4 : Peak response comparison 
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Control Strategy   Peak 
displacement 
(mm) 
Peak 
acceleration 
(m/s-2) 
Maximum 
control 
force per 
device(N) 
Passive off Experiment 113.2 1.328 3.898 
Simulation 116.1 1.291 3.651 
Passive on  Experiment 66.4 2.072 23.76 
Simulation 64.8 2.184 22.49 
 
3.7 Summary  
This chapter discusses the different damper model development criteria, analysis 
procedures, integration of dampers into the buildings and validation of the selected 
procedures. MR damper, which utilizes a control algorithm was modelled using 
Bouc-Wen model and Clipped Optimal Control was employed to semi-actively 
control the damper. A visco-elastic damper and a friction damper also modelled to 
use as passive devices in conjunction with MR dampers. Then MR damper is 
successfully integrated to a finite element technique and assign a parallel analysis 
path to obtain the required results. SAP2000 OAPI provides the communicating 
platform. Three different earthquake signals have chosen. Both scenarios, single MR 
damper in a building and a damper group in a building are successfully validated. 
This concludes Chapter 3. Analyses results are discussed in next chapters. 
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Chapter 4 : Seismic Evaluation of 2D 18 Storey 
Structure  
 
4.1 Introduction 
The combination of MR and passive dampers is used in providing the seismic 
mitigation of an 18 storey building structure. An 18 storey steel frame structure is 
considered and three main damping systems are used. The first system consists of 
MR dampers only. A single MR damper and two MR dampers are installed 
separately in the building to monitor seismic its response. Combined MR – 
Viscoelastic damper system is the second system consisting of one MR damper and 
one VE damper. As the third one, combined MR – Friction damper system is used.  
Each damping system is analysed for different damper locations. Seismic analyses 
are performed with one type of damper at one placement at a time. Effectiveness of 
each damper system was investigated for three different earthquake excitations, El-
Centro, Kobe and Northridge. Tip deflection, tip acceleration and inter-storey drifts 
are taken as key evaluation parameters. The influence of damper system and its 
placement were investigated for establishing the optimum combination.  
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4.2 Seismic Response of 18-Storey Frame Structure 
A 2D frame with 3 bays in an 18 storey steel structure is used for the study. Bays are 
at 6m centres. Each storey is 4m high, which makes the total height of the structure 
72 m. Moment resisting frames provide the lateral load resistance. Columns are of 
450 MPa steel having 0.4 m x 0.4 m cross-section. W30x99 sections of 250 MPa 
steel wide flange beams are used in the model. The seismic mass of each floor 
(expressed as a weight force) is 5x105 kN and for the whole structure 9x106 kN. This 
includes the mass of the steel frame, floor slabs, partitions, ceiling, mechanical and 
electrical services and the roof. 
Following assumptions are applied to the structure model, 
1. Floors are rigid and the total mass is concentrated at the levels of the floors. 
2. There is no rotation about the horizontal axis. 
3. Vertical component of the acceleration is normally neglected as we assume 
that the compressive stresses due to the self-weight of the structure will 
minimize or eliminate the effect of vertical acceleration. Therefore the 
structure is only subjected to the dominant horizontal acceleration which 
usually occurs in the early phase of the acceleration.Earthquake acceleration 
is applied in the ‘x’ direction at the base of the structure. The support at the 
base is restrained against translation in ‘y’ direction and rotation about ‘z’ 
axis.  
4.3 Dampers within the Structure 
The efficiency of a damper system is expected to be investigated according to the 
type of the dampers used and the locations where they have been installed in the 
building.  For this purpose four different damper systems and 24 different locations 
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were investigated. Each system is analysed with three different earthquake 
excitations. Total analyses conducted are 72, just for this 18 storey structure. 
4.3.1 Structure fitted with MR dampers only 
Seismic behaviour of structures fitted with a single MR damper and 2 MR dampers 
are studied. In this presentation the ground level is designated as 1st floor and the 
higher levels as levels 2, 3 etc. Models are designated by A1, A3, A7…etc. for single 
MR damper placement. ‘A3’ implies that MR damper is installed at 3rd floor of the 
18 storey building. When 2 MR dampers are used the notation is given by A1-3, A1-
5, and A7-9…etc.A1-3 implies that 2 MR dampers have been installed in both the 
first and third floors. 
Single MR damper placement in the building structure is shown in Figure 4-1. 
Dampers are placed on six different floors to monitor the seismic response. A1, A3, 
A7, A10, A13 and A16 are the single damper placements.  
 
Figure 4-1 : Damper placements of single MR damper within 18 story structure 
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Two MR dampers are placed as shown in Figure 4-2. Damper placements for two 
dampers are A1-3, A1-5, A1-10, A7-9, A10-12 and A14-16. 
 
Figure 4-2 : Damper placements of two MR dampers within 18 story structure 
 
4.3.2 Structure fitted with combined MR – Viscoelastic damper system  
Seismic behaviour of the structure fitted with a single MR damper and a single VE 
damper is studied. MR damper is kept at the lower floor in all cases, since this gave 
best results while it was at lower floors according to the results obtained in section 
4.4.2 . Models are designated by B1-3, B1-7…etc. The lower number (1) always 
denotes floor level at which the MR damper is placed and the other denotes the floor 
level in which the VE damper is placed. The different damper placement options are 
same as in Figure 4-2.  The same placement is also used for both MR-VE and MR-
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Friction damper combinations in order to obtain a more meaningful comparison of 
results.  
4.3.3 Structure fitted with combined MR – Friction damper system  
Seismic behaviour of the structure fitted with a single MR damper and a single 
friction damper is studied. Similar to previous analysis, MR damper is kept at lower 
floor in all cases. Models are designated by C1-3, C1-7…etc. As in the MR-VE 
damper system, the lower number (1) denotes the floor level at which the MR 
damper is placed floor while the other denotes the floor level at which the friction 
damper is placed.  
4.4 Seismic Response of 18-Storey Structure 
There are several measures to assess the seismic response of a structure, such as tip 
deflections, tip accelerations and inter-story drifts. Among these parameters tip 
deflection is considered as the most representative parameter and a reduction in tip 
deflection in general brings about a better seismic response with reductions in the 
other parameters (Marko et al., 2004). Tip deflection of the structure is hence given a 
higher attention.  It is evident that a suite of seismic activities are needed to obtain a 
representative set of results and to provide meaningful conclusions.  Three different 
real scale earthquakes are hence used in this research namely El-Centro, Kobe and 
Northridge.  
4.4.1 Un-damped structure 
The un-damped structure is modelled and analysed first. The seismic response 
parameters are used to compare the damped results. Tip deflection and tip 
acceleration results for the un-damped structure are shown in Table 4-1. 
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Table 4-1: Tip deflection and tip acceleration of the un-damped structure 
  El Centro Kobe Northridge 
Tip Deflection(m) 0.341 0.192 0.319 
Tip Acceleration(ms-2) 5.49 4.76 5.83 
 
Results for tip deflection and tip acceleration reductions obtained for the structure 
fitted with each damper system at different locations for each of the three earthquake 
excitations are presented below.  
4.4.2 Structure fitted with single MR damper only  
Figure 4-3 to Figure 4-5 show tip deflection and tip acceleration under El-Centro, 
Kobe and Northridge earthquakes when a single MR damper is fitted in the first 
floor. These figures clearly illustrate the influence of dampers in reducing the seismic 
response parameters.  
 
Figure 4-3: Tip deflection response of the un-damped structure and structure fitted 
with MR damper in first floor under El Centro earthquake   
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Figure 4-4: Tip deflection response of the un-damped structure and the structure 
embedded with MR damper in first floor under Kobe earthquake   
 
 
Figure 4-5 : Tip deflection response of the un-damped structure and the structure 
fitted with MR damper in first floor under Northridge earthquake 
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Irrespective of the earthquake type, the MR damper reduces the tip deflection of the 
structure by as much as a maximum of 23.86%, 26.05% and 18.01% under the El-
Centro, Kobe and Northridge earthquake excitations respectively. Analyses are 
conducted for different damper types and placements for different earthquake 
excitations.  
For effective seismic mitigation both deflections and accelerations are needed to be 
controlled. Therefore tip accelerations are also considered in the research.  
 
 
Figure 4-6 : Tip acceleration response comparison of un-damped, damper embedded 
in 1st, 10th floors under El-Centro earthquake 
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Figure 4-7 : Tip acceleration response comparison of un-damped, damper embedded 
in 1st, 10th floors under Kobe earthquake 
 
 
Figure 4-8 : Tip acceleration response comparison of un-damped, damper embedded 
in 1st, 10th floors under Northridge earthquake 
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Tip deflection and tip acceleration results for un-damped and damped structures 
under different MR damper placements are tabulated below.  
Table 4-2: Seismic response reduction using single MR damper 
Earthquake 
Damper 
Placement 
Tip Deflection 
(m) 
Reduction 
Tip Acceleration 
(ms-2) 
Reduction 
Un-damped Damped (%)  Un-damped Damped (%) 
El Centro 
A1  
0.341 
 
0.265 22.29 
5.49 
 
4.18 23.86 
A3 0.289 15.25 4.43 19.31 
A7 0.302 11.44 4.67 14.94 
A10 0.309 9.38 4.79 12.75 
A13 0.294 13.78 4.95 9.84 
A16 0.322 5.57 4.69 14.57 
Kobe 
A1  
0.192 
 
0.164 14.58 
4.76 
 
3.52 26.05 
A3 0.171 10.94 3.89 18.28 
A7 0.175 8.85 4.13 13.24 
A10 0.181 5.73 4.32 9.24 
A13 0.176 8.33 4.21 11.55 
A16 0.183 4.69 4.43 6.93 
Northridge 
A1  
0.319 
 
0.254 20.38 
5.83 
 
4.78 18.01 
A3 0.271 15.05 4.99 14.41 
A7 0.279 12.54 5.13 12.01 
A10 0.285 10.66 5.42 7.03 
A13 0.277 13.17 5.41 7.20 
A16 0.28 12.23 5.65 3.09 
 
According to Table 4-2, it can be concluded that a single MR damper significantly 
affects the seismic response parameters. Both tip deflection and tip accelerations are 
reduced by 18-25% when it is placed in 1st storey. The reduction gradually decreases 
when the damper placement reaches upper levels, but the reduction is consistent for 
all earthquake accelerations. It can therefore be concluded that the MR damper 
performed well when it is placed at the lower levels of the building.  
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Average tip deflection is compared for damper in lower floors and damper in upper 
floors are shown in Figure 4-9   
 
Figure 4-9 : Average Tip deflection reduction with a single MR damper placed in 
lower and upper floors.  
 
The average tip deflection reduction for MR damper placed in lower floors (1-7) is 
16.32% and 9.58% when it is placed in upper floors (10-16) for El-Centro 
earthquake. This pattern remains the same for other earthquakes too. It is evident that 
lower the damper placement better the tip deflection reduction is. 
4.4.3 Structure fitted with two MR dampers  
According to previous analysis, a better seismic performance is achieved when MR 
damper is placed in the first floor and it is significant compared to that with other 
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damper placements. In the next part of the study one MR damper is hence always 
kept in the first floor for the first three analyses and then moved to upper floors for 
other three. Results are shown in Table 4-3. 
Table 4-3: Seismic response reduction using two MR dampers 
Earthquake 
Damper 
Placement 
Tip Deflection 
(m) 
Reduction 
Tip Acceleration 
(ms-2) 
Reduction 
Undamped Damped (%)  Undamped Damped (%) 
El Centro 
A1-3 
0.341 
0.212 37.83 
5.49 
3.64 33.70 
A1-5 
0.223 34.60 3.81 30.60 
A1-10 
0.231 32.26 4.10 25.32 
A7-9 
0.273 19.94 4.79 12.75 
A10-12  
0.287 15.84 4.47 18.58 
A14-16 
0.291 14.66 4.67 14.94 
Kobe 
A1-3 
0.192 
0.119 38.02 
4.76 
3.14 34.03 
A1-5 
0.128 33.33 3.32 30.25 
A1-10 
0.131 31.77 3.53 25.84 
A7-9 
0.159 17.19 3.93 17.44 
A10-12  
0.168 12.50 3.75 21.22 
A14-16 
0.165 14.06 3.98 16.39 
Northridge 
A1-3 
0.319 
0.202 36.68 
5.83 
4.12 29.33 
A1-5 
0.209 34.48 4.35 25.39 
A1-10 
0.221 30.72 4.49 22.98 
A7-9 
0.258 19.12 4.97 14.75 
A10-12  
0.253 20.69 5.02 13.89 
A14-16 
0.267 16.30 4.89 16.12 
 
Seismic Evaluation of 2D 18 Storey Structure 69 
 
Both tip deflection and tip accelerations are reduced up to 30% - 40% when two MR 
dampers are located at the lower floors. Similar to the outcome of Table 4-2, Table 4-
3 shows that damper placed in bottom floors show better performance.  
Average tip deflection reductions of the structure when controlled with two MR 
dampers are shown in Figure 4-10.  
 
Figure 4-10: Average tip deflection reduction with two MR dampers placed in lower 
and upper floors 
 
As expected, it is evident that increasing the number of dampers will improve the 
seismic performance of the structure. However, due to the size and the cost of the 
MR damper, this research will limit the number of MR dampers to two in order to 
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maintain the feasibility of the application.  Enhanced seismic mitigation with a 
combination of one MR damper and a passive damper will hence be pursued. 
4.4.4 Structure fitted with combined MR – VE damper system  
In general MR damper performs better compared to a VE damper and hence the MR 
damper is kept in the lower floor of the structure at all times. Since the VE dampers 
perform better in the lower and middle part of the structure (Marco et al, 2006), 
damper placements are decided accordingly. Tip deflection and tip acceleration 
reductions are as shown below.  
Table 4-4: Seismic response reduction using one MR and one VE damper 
Earthquake 
Damper 
Placement 
Tip Deflection(m) Reduction Tip Acceleration(ms-2) Reduction 
Undamped Damped (%)  Undamped Damped (%) 
El Centro 
A1-3 
0.341 
0.246 27.86 
5.49 
3.97 27.69 
A1-5 0.259 24.05 3.94 28.23 
A1-10 0.268 21.41 4.13 24.77 
A7-9 0.281 17.60 4.61 16.03 
A10-12  0.295 13.49 4.68 14.75 
A14-16 0.304 10.85 4.91 10.56 
Kobe 
A1-3 
0.192 
0.135 29.69 
4.76 
3.51 26.26 
A1-5 0.142 26.04 3.72 21.85 
A1-10 0.145 24.48 3.83 19.54 
A7-9 0.164 14.58 4.12 13.45 
A10-12  0.177 7.81 4.43 6.93 
A14-16 0.181 5.73 4.31 9.45 
Northridge 
A1-3 
0.319 
0.241 24.45 
5.83 
4.34 25.56 
A1-5 0.249 21.94 4.71 19.21 
A1-10 0.247 22.57 4.52 22.47 
A7-9 0.278 12.85 4.99 14.41 
A10-12  0.269 15.67 5.18 11.15 
A14-16 0.291 8.78 5.29 9.26 
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For the clarity of comparison upper and lower floor damper placements are 
compared as in the previous analysis. Average values are shown in Figure 4-11. 
 
Figure 4-11 : Average Tip deflection reductions with the MR-VE damper 
combination 
 
The above results demonstrate that VE dampers perform better when placed in the 
lower floors. Overall, the results show good seismic mitigation. But a reduction in 
the average values is evident compared to the case with two MR dampers.  
 
4.4.5 Structure fitted with combined MR – Friction damper system  
Marko et al. (2004) stated that friction dampers perform better in the upper floors 
where the inter-story drifts are maximum. Therefore as in the previous analysis, the 
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MR damper is kept in lower floor while the friction damper is located at the upper 
floors of the structure. Tip deflection and tip acceleration reductions are shown 
below. For comparison purposes the same damper locations are maintained as earlier.  
Table 4-5 : Seismic response reduction using one MR and one Friction damper 
Earthquake 
Damper 
Placement 
Tip Deflection(m) Reduction 
Tip Acceleration 
(ms-2) 
Reduction 
Un-damped Damped (%)  Un-damped Damped (%) 
El Centro 
A1-3 
 
0.341 
 
0.263 22.87 
5.49 
4.14 24.59 
A1-5 0.262 23.17 4.39 20.04 
A1-10 0.257 24.63 4.57 16.76 
A7-9 0.273 19.94 4.71 14.21 
A10-12  0.287 15.84 4.65 15.30 
A14-16 0.271 20.53 4.31 21.49 
Kobe 
A1-3 
0.192 
0.153 20.31 
4.76 
3.46 27.31 
A1-5 0.167 13.02 3.62 23.95 
A1-10 0.161 16.15 4.01 15.76 
A7-9 0.182 5.21 4.12 13.45 
A10-12  0.171 10.94 4.03 15.34 
A14-16 0.159 17.19 3.92 17.65 
Northridge 
A1-3 
0.319 
0.251 21.32 
5.83 
4.71 19.21 
A1-5 0.274 14.11 4.82 17.32 
A1-10 0.271 15.05 4.98 14.58 
A7-9 0.283 11.29 5.12 12.18 
A10-12  0.268 15.99 4.91 15.78 
A14-16 0.261 18.18 5.02 13.89 
 
To understand the influence of the damper placement, average tip deflection 
reduction values of the upper floor versus lower floor damper placements are 
compared in Figure 4-12; 
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Figure 4-12 : Average Tip deflection reductions with MR – Friction damper 
combination 
 
Due to the superior performance of the MR damper, the influence of friction damper 
placement does not seem to be highlighted. Yet compared to other dampers, friction 
damper reduces tip deflections better when placed in upper floors.  
 
4.5 Summary of Findings – Seismic Mitigation of 18 Storey 
Structure 
Influence of the MR damper, MR and passive damper combination and their 
placements on seismic performance of a 18 storey steel frame under three different 
earthquake excitations were studied in this chapter. Reductions of seismic response 
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parameters depend on the earthquake excitation, damper type and its placement. A 
comprehensive comparison has been carried out to study the effect of these 
parameters.  
One of the main objectives of this research is to study the effect of MR damper on 
the seismic mitigation of buildings. In order to compare the effectiveness of the MR 
damping system, results for single MR damper and two MR dampers within the 
building are first compared. Tip deflection reduction is first compared. Time history 
record of tip deflection for un-damped, single damper at 1st floor and two dampers at 
1st and 3rd floor are shown in Figure 4-13.  
 
 
Figure 4-13 : Tip deflection comparison - single MR damper vs two MR dampers for 
El-Centro earthquake 
 
According to the results it can be seen an increase of tip deflection reduction with 2 
MR dampers as expected. This increase has a maximum range of approximately 
50%.  
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Tip acceleration reduction is also compared to gain a more effective comparison. 
Time history records of tip deflection for un-damped, single damper at 1st floor and 
two dampers at 1st and 3rd floors are shown in Figure 4-14.  
 
Figure 4-14 : Tip acceleration comparison - single MR damper vs two MR dampers 
for El-Centro earthquake 
 
Tip acceleration reduction too increased approximately by a maximum of 50% when 
two dampers are used. Hence, increasing of number of dampers effectively reduced 
the seismic response parameters, as expected.  
In order to study the effects of different damper systems on the seismic mitigation of 
the building, different damper system placed at the same locations are compared. 
Average deflection reductions for the different types of damping systems and their 
placements under different earthquake excitations are shown in Figure 4-15. Systems 
with only two dampers are used in here to achieve a more realistic comparison. 
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Figure 4-15 : Comparison of Tip deflection reduction for different damper types 
under El-Centro earthquake 
 
Overall, results show a good performance for all types of damper systems. Yet 
always, the highest reduction was achieved when two MR dampers were used. It has 
an overall reduction of 25.85%. If the average values for the second damper 
placement in the lower and upper floors are compared, 34.89% and 16.81% 
reductions in tip deflections are obtained respectively.  MR-VE combination is 
significant when dampers are at lower floors, however performance is lower than that 
with 2 MR damper cases. When the VE damper is placed in the lower floors this 
combination has an average tip deflection reduction of 24.44% and this significantly 
reduces to 13.98% when the VE damper is placed in the upper floors. This again 
shows that VE dampers perform better when they are placed in the lower floors. MR-
Friction damper combination performs better when the friction damper sits in the 
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upper floors compared to others, and has an average tip deflection value of 18.77%.  
It even surpasses the performance of the 2 MR damper system.  However this 
combination takes advantage of the single MR damper sitting on a lower floor and 
provides a good amount of damping. These patterns remain similar under the other 
two earthquake records.  
In addition to the previous analyses, effects of different damper locations are studied. 
The average percentage tip deflection reduction for different damper locations is 
taken into account. Best performance is experienced in the A1-3 damper placement, 
with an average reduction of 29.52%. Second higher reduction occurred in A1-5. 
Average reduction for A1-10 damper placement is also similar to A1-5. Lowest 
average reduction occurs in A10-12 damper placement, 15.05%. It can be concluded 
that damper reduction is mainly contributed by the damper placed on the first floor.   
 
4.5.1 Generalized Reduction Pattern  
Generalized seismic response reduction patterns can be modelled for this particular 
building and for considered damping systems. These patterns could be used to 
identify the optimum damping placement and damping values to a specific damper or 
a damper system.  
Four different reduction patterns are developed for this 18 storey structure, 
1. Reduction Pattern for single MR damper  
2. Reduction Pattern for two MR dampers   
3. Reduction Pattern for MR-VE combination 
4. Reduction Pattern for MR-Friction combination 
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4.5.1.1 Reduction Pattern for single MR damper  
General tip deflection reduction graph for single MR damper according to its 
placements is shown in Figure 4-16. 
 
Figure 4-16 : Reduction Pattern for single MR damper 
 
According to the graph, tip deflection reduction is exponentially reduced to a certain 
value and remains same with the increasing height of the placement of the damper. 
The generalized equation is given in Equation 4-1.  
                                                 𝑓(𝑥) = 9.22 + 17.72𝑒−0.32𝑥  Equation 4-1 
 
Note: Coefficients are obtained with 95% confidence bounds 
𝑓(𝑥) = Tip deflection reduction 
𝑥      = Damper placed floor (0 < 𝑥 < 25) 
4.5.1.2 Reduction Pattern for two MR dampers   
General tip deflection reduction pattern when two MR dampers are used is shown in 
Figure 4-17. ‘x’ and ‘y’ axes represent the MR damper 1 and 2 placements 
respectively, while ‘z’ axis represents the tip deflection reduction percentage.  
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   Figure 4-17 : Reduction Pattern for two MR dampers 
 
The generalized equation for the above graph is given in Equation 4-2; 
                                                 𝑓(𝑥, 𝑦) = 23.04 − 8.94 sin(1.14𝜋 ∗ 𝑥 ∗ 𝑦) − 9.21𝑒−(1.83𝑦)
2
 Equation 4-2 
 
𝑓(𝑥, 𝑦) = Tip deflection reduction 
𝑥, 𝑦     = Damper placed floor (0 < 𝑥 < 25) 
Note: Coefficients are obtained with 95% confidence bounds 
According to the Equation 4-2, one MR damper is always needed to be sitting on 1st 
or 2nd floor, while other can be moved between 1st and 14th floor to achieve more 
than 30% tip deflection reduction. To achieve  25% damping, a single MR damper 
needs to be installed between the 1st and 4th floor, while other damper can be located 
anywhere.  
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4.5.1.3 Reduction Pattern for MR-VE combination 
Generalized tip deflection reduction, when using a MR - VE damper combination is 
shown in Figure 4-18. ‘x’ and ‘y’ axes represent the MR damper and VE damper 
placements respectively. ‘z’ axis represents the tip deflection reduction percentage. 
 
Figure 4-18 : Reduction Pattern for MR-VE combination 
 
The generalized equation for the above graph is given in Equation 4-3; 
                                                      𝑓(𝑥, 𝑦) = 19.53 − 1.396 sin(0.681𝜋 ∗ 𝑥 ∗ 𝑦) + 0.15𝑒(−0.95𝑦)
2
 Equation 4-3 
 
Note: Coefficients are obtained with 95% confidence bounds 
According to the results, MR damper can be moved across the 1st and 4th floors, 
while keeping the VE damper in 1st and 2nd floor to achieve a minimum tip deflection 
reduction of 25%.  
 
4.5.1.4 Reduction Pattern for MR-Friction combination 
General tip deflection reduction pattern is shown in Figure 4-19 when an MR –
Friction damper system is used.  ‘x’ and ‘y’ axes represent the MR damper and 
Seismic Evaluation of 2D 18 Storey Structure 81 
 
friction damper placements respectively, while ‘z’ axis represents the tip deflection 
reduction percentage. 
 
 
Figure 4-19 : Reduction Pattern for MR-Friction combination 
 
The generalized equation for the above graph can be written as,  
                                                 𝑓(𝑥, 𝑦) = 22.89 + 6.95 sin(1.01𝜋 ∗ 𝑥 ∗ 𝑦) − 7.63𝑒(−5.17𝑦)
2
 Equation 4-4 
 
Note: Coefficients are obtained with 95% confidence bounds 
Tip deflection reduction of MR-Friction combination is more complex than other 
combinations due to the nature of friction damper behaviour. To gain a minimum tip 
deflection reduction of 20%, MR damper needs to be installed between first and sixth 
floors while the friction damper can be installed between 1st and 11th floors or 13th 
and 16th floors.  At the lower floors a great deal of damping is achieved due to the 
MR damper. The damper combination acts to reduce the tip deflection, only when 
the Friction damper is placed in the upper floors. 
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According to the analysis results it can conclude MR damper performs well in 
seismic mitigation of structures. During two MR dampers were used, both tip 
deflection and tip accelerations reached a higher reduction compared to MR-Passive 
combinations. MR-VE combination reaches a better reduction when both dampers 
have fixed in lower floors. For MR-Friction combination, friction damper needed to 
be fixed in upper floor in order to achieve an effective damping reduction. Finally 
general reduction patterns have developed for different damper combinations using 
available results. These patterns could be used to find the optimum damping 
combination according to the expected damping reduction requirement.  
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Chapter 5 : Seismic Evaluation of 2D 12 Storey 
Structure  
 
5.1 Introduction 
MR dampers and a combination of MR and passive dampers are used for seismic 
mitigation of a 12 storey building structure. A 12 storey steel frame structure is 
considered and three main damping systems are used. The first system consists of 
MR dampers only. A single MR damper and two MR dampers are installed 
separately in the building to monitor its’ seismic response. Combined MR – 
Viscoelastic damper system is the second system consisting of one MR damper and 
one VE damper. As the third one, combined MR – Friction damper system is used. 
Each damping system was analysed for different damper locations. Seismic analyses 
are performed with one damper system at one placement at a time. Effectiveness of 
each damper system was investigated for three different earthquake excitations, El-
Centro, Kobe and Northridge for representative evaluation. Tip deflection, tip 
acceleration and inter-storey drift are key evaluation parameters. The influence of 
damper system and its placement were investigated for establishing the optimum 
combination.   
 
5.2 Structure: 12-storey steel frame building  
A 2D frame with 3 bays in a 12 storey steel frame structure is used for the study. 
Bays are at 6m centres. Each storey is 4m high, which makes the total height of the 
structure 48m. Moment resisting frames provide the lateral load resistance. Columns 
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are of 350 MPa steel having 0.35 m x 0.35 m cross-section. W30x99 sections of 250 
MPa steel wide flange beams are used in the model. The seismic mass of each floor 
(expressed as a weight force) is 4.8x105 kN and for the whole structure has a weight 
of 5.76x106 kN. This includes the mass of the steel frames, floor slabs, partitions, 
ceilings, mechanical and electrical services and the roof.  
  
5.3 Dampers within structure 
The efficiency of a damper system is expected to be investigated according to the 
type of the dampers used and the locations where they have been installed in the 
building.  For this purpose four different damper systems and a total of 24 different 
placements were investigated. Each system is analysed under the three different 
earthquake excitations. Total analyses conducted are 72 only for this 12 storey 
structure.  
 
5.3.1 Structure fitted with MR damper only 
Seismic behaviour of the structure fitted with a single MR damper and 2 MR 
dampers are first studied. In this presentation the ground level is designated as 1st 
floor and the higher levels as levels 2, 3 etc. Models are designated by A1, A3, 
A7…etc. for single MR damper placement. ‘A3’ implies that MR damper is installed 
at 3rd floor of the 12 storey building. When 2 MR dampers are used, the notation is 
given by A1-2, A1-5, and A7-9…etc. A1-2 implies that MR damper has been 
installed in both the first and second floors. Single MR damper placement in the 
building structure is shown in Figure 5-1. Dampers are placed on six different floors 
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to monitor the seismic response. A1, A3, A5, A7, A9 and A11 are the single damper 
placements.  
 
Figure 5-1 : Damper placement of single MR damper within 12 story structure 
 
Two MR dampers are placed as shown in Figure 5-2. Damper placements for two 
dampers are A1-2, A1-4, A1-6, A5-7, A8-10 and 10-12. 
 
Figure 5-2 : Damper placement of two MR dampers within 12 story structure 
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5.3.2 Structure fitted with combined MR – Viscoelastic damper system  
The seismic behaviour of structure fitted with a single MR damper and a single VE 
damper is studied. The MR damper kept at the lower floor in all cases, since it gave 
the best results while it was at lower floors as reported in section 5.4.2 . Models are 
designated by B1-3, B1-7…etc. Lower number always denotes floor level at which 
the MR damper is placed and the other denotes the floor level in which the VE 
damper is placed. The damper placement options are same as in Figure 5-2. 
Placements similar to two MR dampers are used for analyses with MR-VE and MR-
Friction damper combinations in order to obtain a more meaningful comparison of 
results.  
 
5.3.3 Structure fitted with combined MR – Friction damper system  
Seismic behaviour of the structure fitted with a single MR damper and a single 
friction damper is also studied. As before, MR damper is kept at lower floor in all 
cases, since it gave comparatively better results while it was there. Models are 
designated by C1-3, C1-7…etc. As in the MR-VE case, the lower number denotes 
the floor level at which the MR damper is placed and the other denotes the floor level 
in which the friction damper is placed 
 
5.4 Response Parameters 
There are several measures to assess the seismic response of a structure. The 
common and important response parameters are the tip deflection, tip acceleration 
and inter-story drift. Among these parameters tip deflection is considered as the most 
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representative parameter and a reduction in tip deflection in general brings about a 
better seismic response with reductions in the other parameters (Marko et al., 2004). 
Tip deflection of the structure is given a higher attention, therefore.  It is evident that 
a suite of seismic activities are needed to obtain a representative set of results and to 
provide meaningful conclusions. Three different real scale earthquakes are hence 
used for this research namely El-Centro, Kobe and Northridge.  
 
5.4.1 Undamped structure 
The un-damped structure is also modelled and analysed. Seismic response 
parameters are used to compare with the damped results. Tip deflection and tip 
acceleration results for the un-damped structure are shown in Table 5-1.   
Table 5-1: Tip deflection and tip acceleration of the un-damped structure 
  El Centro Kobe Northridge 
Tip Deflection(m) 0.235 0.174 0.158 
Tip Acceleration(ms-2) 5.73 6.42 5.94 
 
The tip deflection and tip acceleration reductions obtained for the structure fitted 
with each damper system at different locations for each of the three earthquake 
excitations are presented below.  
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5.4.2 Structure fitted with single MR damper  
 
Figure 5-3to Figure 5-8 show the tip deflection and tip acceleration responses under 
El-centro, Kobe and Northridge earthquakes respectively when a single MR damper 
is fitted in 1st floor and 11th floor respectively. These figures clearly illustrate the 
influence of dampers in reducing the important seismic response parameters.  
 
 
Figure 5-3: Tip deflection responses of the un-damped structure and the structure 
fitted with MR damper in 1st and 11th floors under El Centro earthquake 
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Figure 5-4: Tip deflection response of the un-damped structure and the structure 
fitted with MR damper in 1st and 11th floors under Kobe earthquake 
 
 
Figure 5-5 : Tip deflection response of the un-damped structure and the structure 
fitted with MR damper in 1st and 11th floors under Northridge earthquake 
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Irrespective of the earthquake type, MR damper reduces the tip deflection of the 
structure, especially its peak tip deflection considerably. In a similar manner, 
analyses were conducted for different damper placements and different earthquake 
excitations. When the damper is placed in the first floor it reduces the peak tip 
deflection by 25.11% for El-Centro, 27.59% for Kobe and 25.95% for Northridge. 
When the damper placement reached higher floors this reduction ability decreased. 
As an example when the damper sits on the 11th floor the peak tip deflection 
reductions are 11.49%, 13.22% and 16.46% for El-Centro, Kobe and Northridge 
earthquakes respectively.  
 
Figure 5-6 : Tip acceleration response of un-damped structure and structure fitted 
with dampers in 1st and 7th floors under El-Centro earthquake 
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Figure 5-7 : Tip acceleration response of un-damped structure and structure fitted 
with dampers in 1st and 7th floors under Kobe earthquake 
 
 
Figure 5-8 : Tip acceleration response of un-damped structure and structure fitted 
with dampers in 1st and 7th floors under Northridge earthquake 
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From the above results, it is clearly evident that the single MR damper effectively 
reduces tip accelerations of the structure too. Analyses are conducted for different 
damper placements and different earthquake excitations. When the damper is placed 
in the first floor it shows a tip acceleration reduction of 26.18% for El-Centro, 
23.52% for Kobe and 22.39% for Northridge. When the damper placement reached 
higher floors this reduction ability decreased as also observed with tip deflection 
reductions. As an example when the damper sits on the 7th floor the tip acceleration 
reductions are 14.14%, 18.54% and 20.20% for El-Centro, Kobe and Northridge 
earthquakes respectively. 
 
Table 5-2: Reduction of peak response parameters using single MR dampers 
Earthquake 
Damper 
Placement 
Tip Deflection(m) Reduction 
Tip Acceleration 
(ms-2) 
Reduction 
Undamped Damped (%)  Undamped Damped (%) 
El Centro 
A1  0.235 0.176 25.11 5.73 4.23 26.18 
A3 0.235 0.184 21.70 5.73 4.41 23.04 
A5 0.235 0.197 16.17 5.73 4.53 20.94 
A7 0.235 0.203 13.62 5.73 4.92 14.14 
A9 0.235 0.199 15.32 5.73 4.84 15.53 
A11 0.235 0.208 11.49 5.73 4.72 17.63 
Kobe 
A1  0.174 0.126 27.59 6.42 4.91 23.52 
A3 0.174 0.135 22.41 6.42 5.02 21.81 
A5 0.174 0.128 26.44 6.42 5.36 16.51 
A7 0.174 0.143 17.82 6.42 5.23 18.54 
A9 0.174 0.162 6.90 6.42 5.51 14.17 
A11 0.174 0.151 13.22 6.42 5.43 15.42 
Northridge 
A1  0.158 0.117 25.95 5.94 4.61 22.39 
A3 0.158 0.135 14.56 5.94 4.69 21.04 
A5 0.158 0.124 21.52 5.94 4.81 19.02 
A7 0.158 0.138 12.66 5.94 4.74 20.20 
A9 0.158 0.129 18.35 5.94 5.41 8.92 
A11 0.158 0.132 16.46 5.94 5.16 13.13 
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According to Table 5-2, it can be concluded that MR damper significantly influences 
the seismic response parameters. The maximum reductions in both tip deflection and 
tip acceleration are 20-25% when the damper is placed in 1st storey. It is hence 
evident that MR damper is performs best when it is placed at the lowest levels of the 
buildings.  
 
Figure 5-9 : Average Tip deflection reductions in lower and upper floors for single 
MR damper 
 
Average tip deflection reductions are compared for damper in lower floors and 
damper in upper floors as shown in Figure 5-9. Average tip deflection reduction for 
MR damper placed in the upper floors is 13.48% and, 20.99% when it is placed in 
the lower floors for El-centro earthquake. These averages show that lower the 
damper placement is, better the tip deflection reduction is. 
Seismic Evaluation of 2D 12 Storey Structure 94 
 
5.4.3 Structure fitted with two MR dampers   
According to the results of the previous section, the best seismic performance is 
achieved when MR damper is placed in the first floor, and it is significant compared 
to other damper placements. Therefore one MR damper is kept in the first floor for 
the first three analyses and then moved to upper floors for the other three, as shown 
in Table 5-3 which also shows the results of the analyses. 
Table 5-3: Reduction of peak response parameters using two MR dampers  
Earthquake 
Damper 
Placement 
Tip Deflection(m) Reduction 
Tip Acceleration 
(ms-2) 
Reduction 
Undamped Damped (%)  Undamped Damped (%) 
El Centro 
A1-2 0.235 0.151 35.74 5.73 3.34 41.71 
A1-4 0.235 0.159 32.34 5.73 3.73 34.90 
A1-6 0.235 0.171 27.23 5.73 4.12 28.10 
A5-7 0.235 0.191 18.72 5.73 4.43 22.69 
A8-10  0.235 0.187 20.43 5.73 4.26 25.65 
A10-12  0.235 0.182 22.55 5.73 4.11 28.27 
Kobe 
A1-2 0.174 0.107 38.51 6.42 3.82 40.50 
A1-4 0.174 0.101 41.95 6.42 3.96 38.32 
A1-6 0.174 0.114 34.48 6.42 4.28 33.33 
A5-7 0.174 0.118 32.18 6.42 4.19 34.74 
A8-10  0.174 0.134 22.99 6.42 4.58 28.66 
A10-12  0.174 0.131 24.71 6.42 4.72 26.48 
Northridge 
A1-2 0.158 0.084 46.84 5.94 3.81 35.86 
A1-4 0.158 0.102 35.44 5.94 4.35 26.77 
A1-6 0.158 0.098 37.97 5.94 4.49 24.41 
A5-7 0.158 0.107 32.28 5.94 4.67 21.38 
A8-10  0.158 0.119 24.68 5.94 5.02 15.49 
A10-12  0.158 0.121 23.42 5.94 4.89 17.68 
 
Both tip deflection and tip acceleration are reduced dramatically when two MR 
dampers are used. Tip deflection reduction is up to 30-35% and tip accelerations 
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reductions are around 30-40% when two MR dampers are located at the lower floors. 
By considering the results for all three earthquake records, it is well demonstrated 
that dampers placed in the lower floors show better seismic mitigation.  
Average tip deflection reductions of the structure when controlled with two MR 
dampers are shown in Figure 5-10.  
 
Figure 5-10: Average Tip deflection reduction in lower and upper floors for two MR 
dampers 
 
As expected, it is evident that increasing of the number of dampers will improve the 
seismic performance of the structure. When two dampers sit in the lower floors, 
average tip deflection reduction has increased to 31.77%, from 20.99% reduction 
when using one damper. With the size and the cost of MR dampers this research 
limits the number of MR dampers to two in order to maintain the practicability of the 
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application. It also explores the feasibility of using passive dampers in conjunction 
with a single MR damper to reduce cost and effort in providing seismic mitigation. 
5.4.4 Structure fitted with combined MR – VE damper system  
Past research and preliminary studies have shown that MR damper performs better 
compared to VE damper (Spencer Jr & Nagarajaiah, 2003). In this part of the study, 
MR damper is kept in the lower floor of the structure at all times. Since VE dampers 
perform better in the lower and middle part of the structure(Marko et al., 2004) 
damper placements are decided accordingly. Tip deflection and tip acceleration 
reductions are shown below.  
Table 5-4: Reduction of peak response parameters using one MR and one VE damper 
Earthquake 
Damper 
Placement 
Tip Deflection(m) Reduction 
Tip Acceleration 
(ms-2) 
Reduction 
Undamped Damped (%)  Undamped Damped (%) 
El Centro 
A1-2 0.235 0.167 28.94 5.73 3.77 34.21 
A1-4 0.235 0.156 33.62 5.73 3.91 31.76 
A1-6 0.235 0.177 24.68 5.73 4.19 26.88 
A5-7 0.235 0.189 19.57 5.73 4.54 20.77 
A8-10  0.235 0.201 14.47 5.73 4.69 18.15 
A10-12  0.235 0.198 15.74 5.73 4.53 20.94 
Kobe 
A1-2 0.174 0.116 33.33 6.42 4.29 33.18 
A1-4 0.174 0.108 37.93 6.42 4.33 32.55 
A1-6 0.174 0.12 31.03 6.42 4.81 25.08 
A5-7 0.174 0.125 28.16 6.42 5.06 21.18 
A8-10  0.174 0.137 21.26 6.42 5.41 15.73 
A10-12  0.174 0.149 14.37 6.42 5.36 16.51 
Northridge 
A1-2 0.158 0.091 42.41 5.94 4.12 30.64 
A1-4 0.158 0.108 31.65 5.94 4.36 26.60 
A1-6 0.158 0.113 28.48 5.94 4.54 23.57 
A5-7 0.158 0.124 21.52 5.94 4.69 21.04 
A8-10  0.158 0.138 12.66 5.94 5.21 12.29 
A10-12  0.158 0.132 16.46 5.94 5.09 14.31 
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For the clarity of comparison upper and lower floors damper placements are 
compared as in the previous analysis. Average values are shown in Figure 5-11. 
 
Figure 5-11 : Average Tip deflection reductions in lower and upper floors for MR-
VE combination 
 
These results show that VE dampers perform better when installed in the lower 
floors. Change of average values is not significant due to the effect of the MR 
damper and the mitigation is less compared with that from the MR-MR damper 
system.  
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5.4.5 Structure fitted with combined MR – Friction damper system  
Marko et al. (2004) verified that friction dampers perform better in upper floors 
where the inter-story drifts are maximum. Therefore as in previous analyses, the MR 
damper is always kept in first floor the while friction damper location is changed 
within the upper floors of the structure. Tip deflection and tip acceleration reductions 
are shown below. For the comparison purposes same damper locations have been 
retained.  
Table 5-5 : Reduction of peak response parameters using one MR and one Friction 
damper 
Earthquake 
Damper 
Placement 
Tip Deflection(m) Reduction 
Tip Acceleration 
(ms-2) 
Reduction 
Undamped Damped (%)  Undamped Damped (%) 
El Centro 
A1-2 0.235 0.169 28.09 5.73 4.11 28.27 
A1-4 0.235 0.174 25.96 5.73 4.29 25.13 
A1-6 0.235 0.183 22.13 5.73 4.28 25.31 
A5-7 0.235 0.186 20.85 5.73 4.71 17.80 
A8-10  0.235 0.179 23.83 5.73 4.65 18.85 
A10-12  0.235 0.181 22.98 5.73 4.31 24.78 
Kobe 
A1-2 0.174 0.122 29.89 6.42 4.82 24.92 
A1-4 0.174 0.129 25.86 6.42 4.73 26.32 
A1-6 0.174 0.117 32.76 6.42 4.78 25.55 
A5-7 0.174 0.122 29.89 6.42 4.94 23.05 
A8-10  0.174 0.138 20.69 6.42 4.67 27.26 
A10-12  0.174 0.131 24.71 6.42 4.59 28.50 
Northridge 
A1-2 0.158 0.111 29.75 5.94 4.42 25.59 
A1-4 0.158 0.124 21.52 5.94 4.59 22.73 
A1-6 0.158 0.109 31.01 5.94 4.78 19.53 
A5-7 0.158 0.116 26.58 5.94 4.42 25.59 
A8-10  0.158 0.106 32.91 5.94 4.91 17.34 
A10-12  0.158 0.114 27.85 5.94 4.79 19.36 
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To understand the influence of the damper placement, average tip deflection 
reduction values of the upper floor versus lower floor damper placements are 
compared in Figure 5-12. 
 
Figure 5-12 : Average Tip deflection reductions in lower and upper floors for MR – 
Friction combination 
 
Due to the effect of the MR damper, influence of friction damper placement is not 
highlighted. Yet compared to other damper systems, upper floor damper placements 
of friction damper impresively reduces tip deflections. For the Northridge 
earthquake, the upper storey placement of the two dampers seem to provide the 
better resuts. 
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5.5 Summary of findings – 12 Storey structure 
Influence of the MR damper, MR and passive damper combinations and their 
placements on seismic performance of a 12 storey steel frame under three different 
earthquake excitations were studied in this chapter. Reductions of seismic response 
parameters greatly depend on the earthquake excitation, damper type and its 
placement. A comprehensive evaluation has been carried out to compare the 
performances and to study the effect on the seismic mitigation parameters.  
One of the main objectives of this research was to study the effect of the MR damper 
on the seismic mitigation of buildings. In order to compare the effectiveness of the 
MR damping system, results for single MR damper and two MR dampers within the 
building were first compared. Tip deflection reduction was first compared. Time 
history records of tip deflection for the un-damped structure and the structure with a 
single damper at 1st floor and two dampers at 1st and 2nd floor are shown in Figure 
5-13.  
According to the results it can be seen that as expected there is an increase in the tip 
deflection reduction with 2 MR dampers, compared to that with a single damper, by 
approximately 50%.  
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Figure 5-13 : Tip deflection comparison - single MR damper vs two MR dampers for 
El-Centro earthquake 
 
 
Tip acceleration reduction is also compared in order to gain further confirmation on 
the positive impact of the MR damper. Time history record of tip deflections for 
undamped, single damper at 1st floor and two dampers at 1st and 2nd floor are shown 
in Figure 5-14.  
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Figure 5-14 : Tip acceleration comparison - single MR damper vs two MR dampers 
for El-Centro earthquake 
 
Tip acceleration reduction too is increased approximately by 1.5 times when two 
dampers are used. Hence, increasing the number of dampers effectively enhanced 
seismic mitigation by reducing the values of the important seismic response 
parameters.  
In order to study the effect of the different damper systems, seismic responses of the 
structure with the different damper systems for the same placement are compared. 
Average tip deflection reductions for the different types of damping systems and 
their placements under El-Centro, Kobe and Northridge earthquake excitations are 
shown in Figure 5-15, Figure 5-16 and Figure 5-17 respectively. Only systems with 
two dampers are used in here to achieve a more realistic comparison. 
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Figure 5-15 : Comparison of Tip deflection reduction for different damper types 
under El-Centro earthquake 
 
In the first three cases where one of the MR dampers sits on the first floor, seismic 
mitigation of the tip deflection reduction of more than 30% is obtained.  When both 
dampers move to the upper floors this value has reduced to an average of 20%. These 
results confirm that MR dampers perform better in the lower floors of the building.  
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Figure 5-16 : Comparison of Tip deflection reduction for different damper types 
under Kobe earthquake 
 
Similar to the MR-MR system, MR-VE system too shows a better mitigation when 
both dampers are placed in the lower floors. But, the MR-MR system shows higher 
mitigation compared to the MR-VE system. When both dampers move to the upper 
floors the average mitigation has reduced to 20-25%. MR-Fr combination shows a 
relative steady pattern; though MR damper performance is reduced at upper floors, 
the friction damper balances that by increased performance in the upper floors.  
 
Seismic Evaluation of 2D 12 Storey Structure 105 
 
 
 
Figure 5-17 : Comparison of Tip deflection reduction for different damper types 
under Northridge earthquake 
 
Overall results show that good seismic mitigation can be obtained with all the 
damper systems considered in this study. Depending on the amount of mitigation 
requires, the appropriate damper system can be selected and placed at the particular 
locations.  In all cases, the highest mitigation was achieved when two MR dampers 
were used. It has an overall reduction of more than 35% when both dampers are 
placed in the lower floors. MR-VE combination is significant when dampers are at 
lower floors, however the mitigation provided is lower than that with 2 MR dampers. 
In the lower floors it has an average of approximately 30%. It significantly reduces to 
around 15% when placed in the upper floors. This confirms that VE dampers 
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perform better when they are placed in the lower floors. MR-Friction damper 
combination performs better when the friction damper sits in the upper floors, and 
has an approximate mitigation value (with respect to tip deflection reduction) of 
25%.  It even surpasses the 2 MR dampers system. However this combination does 
takes the advantage of the MR damper placed in the lower floor. This pattern remains 
the same for all three earthquakes considered. 
 
5.5.1 Generalized Reduction Pattern  
Generalized seismic response reduction patterns can be modelled for this particular 
building and for the considered damping systems. These patterns could be used to 
identify the optimum damping placement and damping values for a specific damper 
or a damper system.  
Four different reduction patterns are developed for this 12 storey structure, 
1. Reduction Pattern for single MR damper  
2. Reduction Pattern for two MR dampers   
3. Reduction Pattern for MR-VE combination 
4. Reduction Pattern for MR-Friction combination 
 
5.5.1.1 Reduction Pattern for single MR damper  
General tip deflection reduction graph for single MR damper according to its 
placements is shown in Figure 5-18. 
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Figure 5-18 : Reduction Pattern for single MR damper 
 
According to the graph, tip deflection reduction is exponentially reduced with the 
increase in the damper placed floor level. The generalized equation is given in 
Equation 5-1.  
                                                 𝑓(𝑥) = 16.61𝑒−0.29𝑥  Equation 5-1 
𝑓(𝑥) = Tip deflection reduction 
𝑥     = Damper placed floor (0 < 𝑥 < 25) 
Note: Coefficients are taken with 95% confidence bounds 
According to the graph, the MR damper needs to be placed in 1st of 2nd floor to 
achieve a 20% tip deflection reduction.  
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5.5.1.2 Reduction Pattern for two MR dampers   
General tip deflection reduction pattern when two MR dampers are used is shown in 
Figure 5-19. ‘x’ and ‘y’ axes represent the MR damper 1 and 2 placements 
respectively, while ‘z’ axis represents the tip deflection reduction percentage.  
 
   Figure 5-19 : Reduction Pattern for two MR dampers 
 
The generalized equation for the above graph is given in Equation 5-2; 
                                                 
𝑓(𝑥, 𝑦) = 0.56
+ 0.7 sin(0.18 ∗ 𝜋 ∗ 𝑥 ∗ 𝑦)
+ 3.06𝑒−(0.001𝑦)
2
 
Equation 5-2 
 
Note: Coefficients are taken with 95% confidence bounds 
𝑓(𝑥, 𝑦) = Tip deflection reduction 
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𝑥, 𝑦     = Damper placed floor (0 < 𝑥 < 25) 
According to the Equation 4-2, both MR dampers need to be sitting on 1st and 5th 
floors to achieve more than 30% tip deflection reduction.  
5.5.1.3 Reduction Pattern for MR-VE combination 
Generalized tip deflection reduction, with a MR damper and a VE damper is shown 
in Figure 5-20. ‘x’ and ‘y’ axes represent the MR damper and VE damper placements 
respectively. ‘z’ axis represents the tip deflection reduction percentage. 
 
Figure 5-20 : Reduction Pattern for MR-VE combination 
 
The generalized equation for the above graph is given in Equation 5-3; 
                                                      𝑓(𝑥, 𝑦) = 23.71 + 6.43 sin(0.09 ∗ 𝜋 ∗ 𝑥 ∗ 𝑦) − 6.16𝑒−(1.59𝑦)
2
 Equation 5-3 
 
Note: Coefficients are taken with 95% confidence bounds 
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According to the results, MR damper can be moved between the 1st and 2nd floors, 
while keeping the VE damper between the 1st and 5th floor to achieve a minimum tip 
deflection reduction of 25%.  
5.5.1.4 Reduction Pattern for MR-Friction combination 
General tip deflection reduction pattern is shown in Figure 5-21. When an MR 
damper and a friction damper is used. ‘x’ and ‘y’ axes represent the MR damper and 
friction damper placements respectively, while ‘z’ axis represents the tip deflection 
reduction percentage. 
 
Figure 5-21 : Reduction Pattern for MR-Friction combination 
 
The generalized equation for the above graph can be written as,  
                                                 𝑓(𝑥, 𝑦) = 23.76 − 2.67 sin(0.77 ∗ 𝜋 ∗ 𝑥 ∗ 𝑦) − 16.75𝑒−(4.09𝑦)
2
 Equation 5-4 
 
Note: Coefficients are taken with 95% confidence bounds 
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To gain a minimum tip deflection reduction of 25%, MR damper needs to be 
installed between the first six floors while the friction damper installed between 1st 
and 5th floors or 10th and 12th floors.  At the lower floors a great deal of damping 
occurs due to the MR damper. The damper combination acts to reduce the tip 
deflection, only when placed in the upper floors.    
According to the analysis results it can be concluded that the MR damper performs 
well in seismic mitigation of structures. When two MR dampers were used, both tip 
deflection and tip accelerations reductions reached higher values compared to MR-
Passive combinations. MR-VE combination shows higher tip deflection reductions 
when both dampers are placed in the lower floors. For MR-Friction combination, the 
friction damper needs to be attached in the upper floors in order to achieve an 
effective damping.  
In addition to type of damper systems, effects of different damper locations are 
studied. The average percentage tip deflection reduction for different damper 
locations is taken in to account for MR-MR combination. Best performance is 
experienced in the A1-2 damper placement for all earthquake records, with an 
average reduction of 40.03%. It can be concluded that the damper sitting on first 
floor dominates the reduction.   
Finally, general reduction patterns have been developed and presented for different 
damper combinations using the extensive amount of results generated in this 
research. These patterns could be used to find the optimum damping combination 
according to the expected damping reduction requirement.  
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Chapter 6 : Seismic Evaluation of 3D 18 Storey 
Structure 
 
6.1 Introduction 
This chapter investigates the performance of an 18 3D steel moment frame equipped 
with MR dampers and MR-Passive damper combination systems using non-linear 
analysis. The building structure was designed to existing codes and standards and 
analysed according to performance based design procedure given in ASCE/SEI_41-
06 (2007). In order to enhance the seismic performance of the structure, energy 
dissipation devices, MR dampers and MR-Passive damper combinations are 
introduced.  Structure is analysed according to two different analysis procedures, 
Linear Dynamic Procedure (LDP) and Nonlinear Dynamic Procedure (NDP) 
discussed in Chapter 3. In LDP, the building is modelled with linearly-elastic 
stiffness while nonlinear load-deformation characteristics of individual components 
are taken into account in NDP.  
 
6.2 Building Structure  
The building is an 18 storey structure, square on plan with 5 bays in both East-West 
and North-South directions. In addition to 18 storeys there are 2 basement levels 
below the ground for a total depth of 8m. Bays are at 6m centres. Each storey is 4m 
high, which makes the total height of the structure 72 m above the ground. Moment 
resisting frames provide the lateral load resistance. All column and wall base 
supports at the bottom of the lower basement level are idealized as pinned 
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connections. Beams are W30x99 sections of 250 MPa steel. For columns, 0.4 m x0.4 
m box columns with 5 cm thickness sections of 450 MPa steel are used. SAP 2000 
version 15 distributed by Computers & Structures, Inc. (CSI) in conjunction with 
MATLAB-Simulink is used in SAP 2000 OAPI platform for the design and analysis 
of the building structure. The few assumptions are made during the modelling 
include that the diaphragms are rigid and damping is 5% of critical damping.   
The first three mode shapes of the building shown in Figure 6-1 have natural 
frequencies of 0.56, 0.79, 0.83 Hz respectively.  
 
Figure 6-1 : Mode shapes of the building 
 
6.3 Dampers within the Structure 
The efficiency of a damper system is expected to be investigated according to the 
type of the dampers used in the building.  For this purpose three different damper 
systems are used, MR dampers only MR-VE damper combination and MR-Friction 
damper combination.  
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Similar placement architecture as previously used in the analyses of the 2D models is 
adopted in the 3D structure. Two dampers per each frame, which makes 12 MR 
dampers, altogether are placed in the bottom floor.  MR damper placement in the 
building structure is shown in Figure 6-2. This is the plan view of the building.  
 
Figure 6-2 : MR damper arrangement in bottom floor – Plan view 
                   
A total of twelve dampers are used, when placing dampers for MR-VE combination, 
six each from MR dampers and VE dampers. Damper placement is shown in Figure 
6-3. It has found in previous chapters that friction dampers perform well in upper 
floors where inter-storey drifts are maximum. Therefore friction dampers are moved 
to 15th floor, while keeping MR dampers in bottom floor. Total six numbers of 
dampers from each type is used. Damper placement is similar to that of Figure 6-3, 
instead of placing passive damper in the bottom floor, they have been moved to the 
15th floor. 
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Figure 6-3 : MR-Passive damper arrangement – Plan view 
  
6.4 Evaluation Criteria 
The drift index is a simple estimate of the lateral stiffness of the building and is used 
almost exclusively to limit damage to non-structural components.  
Equation 6-1 defines the drift index.  
 
 Drift index  =  displacement / height Equation 6-1 
   
 
Passive damper 
MR damper 
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Figure 6-4 : Drift Measurements 
 
Referring to Figure 6-4 and Equation 6-1, a total drift index (Equation 6-2) and an 
inter-story drift index (Equation 6-3) can be defined as, 
 Total drift index = Total displacement(Δ) / height(H) Equation 6-2 
 Inter-story drift index = Inter-story drift(δ) / story height(h) Equation 6-3 
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To limit non-structural damage, for a hazard level pertaining to intermediate 
occupancy and a probability of exceedance of 2% for 50 years, a drift index of 0.5% 
was chosen for both total drift index and inter-story drift index. 
 
6.5 Analysis  
The SAP2000 Open Application Programming Interface (OAPI) in parallel with 
MATLAB-Simulink is used to the analysis. Creating a structural model with 
nonlinear material properties is neither simple nor practical in a MATLAB-Simulink 
environment without approximating the material behaviour. More accurate models of 
these structures can be produced using nonlinear finite element analysis. Here, 
SAP2000 is used to analyse the building structure, but it might not be ideal for 
modelling the complex nonlinear behaviour of the MR dampers nor their control 
algorithms. Therefore MATLAB-Simulink is used to model the MR damper. These 
analyses are enabled to run as two parallel analyses in a single platform. In such a 
closed loop system, the damper results and the structure results are fed to each other 
in each time increments throughout the analysis. SAP2000 OAPI facilitates the 
analysis by creating the common platform. Schematic diagram of analysis sequence 
is shown in Figure 6-5. 
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Figure 6-5 : Schematic diagram of analysis sequence 
C programming in MATLAB is used as the programming language to develop 
SAP2000 OAPI. OAPI is capable of dynamic data exchange directly. This capability 
allows SAP2000 structure model and MATLAB Simulink MR damper model to run 
simultaneously in background, during the analysis runtime.  
When running the analysis first we need to define the parameters. Modal analysis is 
performed first. Once the analysis is completed, OAPI allows displaying the mode 
shapes. Then it selects the governing mode shapes with significant mass 
contributions. Afterward a non-linear time history analysis is carried out.  As 
previously mentioned two analysis procedures are used for the same building 
structure, Linear Dynamic Procedure (LDP) and Nonlinear Dynamic Procedure 
(NDP). Results are discussed in the following sections.  
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6.6 Seismic Response of 18-Storey Structure 
The structure with three different damper systems was analysed using the two 
analysis methods, linear dynamic procedure (LDP) and nonlinear dynamic procedure 
(NDP). Three real scale earthquakes namely, El-Centro, Kobe and Northridge are 
considered as input excitations. Uncontrolled and controlled responses are 
monitored. In order to compare the results, inter-storey drift and tip deflection is 
taken as main criteria.  
6.6.1 Results obtained for El-Centro Earthquake  
El-Centro time history record is used as the input. Both linear and nonlinear models 
are used for assessment. Inter-storey drifts and tip deflection are the main evaluation 
criteria. 
6.6.1.1  Evaluation of inter-storey drift  
Linear dynamic procedure (LDP) is first carried out. Three different damper systems, 
MR-MR, MR-VE and MR-Friction are used in separate analyses. Inter-storey 
displacements (drifts) at all the floor levels are graphically presented in Figure 6.6. 
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Figure 6-6 : Inter-storey drift comparison - LDP 
Inter-storey displacements are significantly reduced with the installation of the 
dampers. The MR-MR damper combination is able to achieve a noticeable reduction 
over other damper combinations. Average reduction with MR-MR dampers system 
reaches almost 40%. With MR-VE combination average reduction is 26.6% while 
MR-Friction damper combination maintains a 24.9% of average storey drift 
reduction. And it can notice MR-VE combination perform better in lower floors 
while MR-Friction combination works better at upper floors, as also observed in the 
earlier 2D analyses. MR-MR combination maintains a healthy reduction throughout 
the height of the structure. For nonlinear dynamic procedure (NDP), similar pattern 
as in LDP can be observed as shown in Figure 6-7. In NDP average drift reduction 
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percentages are, 37.85% for MR-MR, 24.4% for MR-VE and 22.15% for MR-
Friction damper combination.  
 
Figure 6-7 : Inter-storey drift comparison - NDP 
 
The above results provide a clear picture of the influence of the different damper 
systems in the seismic mitigation of a building structure from each of the LDP and 
NDP types of analyses. In order to further compare the results from the two analysis 
types, results from the LDP and NDP are compared for the uncontrolled and 
controlled structure fitted with MR-MR dampers in Figure 6.8. 
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Figure 6-8 : Inter-storey drift comparison - Uncontrolled and Controlled responses 
with MR-MR from LDP and NDP under El-Centro earthquake 
 
In the uncontrolled structure, the nonlinear procedure gives larger inter story drifts in 
the lower stories compared to the linear procedure. However, the resulting story 
drifts at the higher stories are much larger in the linear procedures. This is due to the 
fact that plastic hinges form in the first story columns in the nonlinear procedures, 
while the building responds elastically in the linear procedures.  
 
6.6.1.2 Evaluation of maximum tip deflection 
Since tip deflection is considered as the most representative parameter, maximum tip 
deflection values are evaluated. A reduction in tip deflection in general brings a 
better seismic response with reductions in the other parameters too.  
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Figure 6-9 : Maximum tip deflection under El-Centro earthquake  
 
It can be clearly seen that there is a good amount of tip deflection reduction when 
dampers are used. Yet MR-MR combination maintains the greatest deflection 
reduction capability. It is 34.2% and 33.63% for the LDP and NDP respectively. 
With MR-VE combination tip deflection is reduced by 26.84% in linear model while 
28.67% in nonlinear model. For MR-Friction combination these values are 24.23% 
and 25.06% respectively.  In all scenarios the NDP value surpasses the tip deflection 
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values of LDP yet the differences are not significant. It can conclude that plastic 
hinges formation haven’t affect to the tip-deflection for this 18 storey structure. Once 
damper system have installed, tip deflection values remain in acceptable limit, 0.5% 
drift ratio.  
Graphical representation of post processing results is shown in Figure 6-10. 
Deflections of the model are magnified by 1:20 for a clearer representation. Tip 
deflection results from undamped and damped by MR-MR dampers are compared for 
nonlinear model.  
 
Figure 6-10 : Tip deflection (NDP)  - Undamped and MR-MR Damped results (El-
Centro) 
 
6.6.2 Results obtained for Kobe Earthquake  
Kobe time history record is used as the input. Both linear and nonlinear models are 
used for assessment. Inter-storey drifts and tip deflection are the main evaluation 
criteria.  
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6.6.2.1 Evaluation of inter-storey drift  
Linear dynamic procedure (LDP) was first carried out. As before the three different 
damper systems, MR-MR, MR-VE and MR-Friction are used in separate analyses. 
Inter-storey drift reduction is graphically presented in Figure 6-11.  
 
Figure 6-11 : Inter-storey drift comparison – LDP 
 
All damper systems effectively reduced inter-storey drift. Highest reduction is given 
by MR-MR damper combination, with an average value of 44.2%. Other two 
systems, MR-VE and MR-Friction damper combinations showed average inter-
storey drift reduction of by 34.87% and 32.34% respectively. Though average values 
seems similar, it can notice MR-VE combination perform better in lower floors while 
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MR-Friction combination works better at upper floors according to Figure 6-11. The 
MR-MR combination on the other hand, is able to maintain a healthy reduction 
throughout the height of the structure.  
Results from the nonlinear dynamic procedure (NDP) were similar to those from the 
LDP as shown in Figure 6-12. In NDP average drift reduction percentages are, 
44.14% for MR-MR, 33.79% for MR-VE and 32.09% for MR-Friction damper 
combination. These inter storey drift reductions are almost the same under both LDP 
and NDP. 
 
Figure 6-12 : Inter-storey drift comparison – NDP 
 
 
The main focus of the previous section was to compare the influence of the different 
damper systems in the building structure than the influence of the analysis type. For a 
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better comparison of the two analysis procedures, both LDP and NDP results are 
compared for uncontrolled and controlled responses with MR-MR damper system in 
Figure 6-13.  
 
 
Figure 6-13 : Inter-storey drift comparison Uncontrolled and Controlled (MR-MR) 
for LDP and NDP under Kobe earthquake 
 
In uncontrolled structure, at the lower stories, the nonlinear procedure gives larger 
values for the inter-story drifts rather than linear procedures. However, the resulting 
story drifts at the higher stories are much larger in the linear procedures. As 
explained earlier, this is due to the fact that plastic hinges form in the first story 
columns in the nonlinear procedures, while the building responds elastically in the 
linear procedures.  
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6.6.2.2 Evaluation of maximum tip deflection  
Since tip deflection is considered as the most representative parameter, maximum tip 
deflection values are evaluated. A reduction in tip deflection in general brings a 
better seismic response with reductions in the other parameters too.  
 
Figure 6-14 : Maximum tip deflection under Kobe earthquake 
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It is clear that a good amount of tip deflection reduction when dampers are used. Yet 
MR-MR combination maintains its greater deflection reduction capability. It’s 
37.96% and 36.66% for LDP and NDP respectively. With MR-VE combination tip 
deflection is reduced to 24.08% in linear model and 20.99% in nonlinear model. For 
MR-Friction combination these values are 21.74% and 21.34% respectively.  In all 
scenarios the NDP value surpasses the tip deflection values of LDP yet it’s not 
significant. It can conclude that plastic hinges formation haven’t affect to the tip-
deflection for this 18 storey structure.  
Graphical representations from post processing results for tip deflections are shown 
in Figure 6-15. Deflections of the model are magnified by 1:20 for a clearer 
representation. Tip deflection results from undamped and damped by MR-MR 
dampers are compared for linear model.  
 
 
Figure 6-15 : Tip deflection (LDP) - Undamped and MR-MR Damped results (Kobe) 
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6.6.3 Results obtained from Northridge Earthquake  
Northridge time history record is used as the input. Both linear and nonlinear models 
are used for assessment. Inter-storey drifts and tip deflections are the main evaluation 
criteria. 
  
6.6.3.1 Evaluation of inter-storey drifts  
Linear dynamic procedure (LDP) is first carried out. Three different damper systems, 
MR-MR, MR-VE and MR-Friction are used in separate analyses. Inter-storey drift 
reduction is graphically presented in Figure 6-16.  
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Figure 6-16 : Inter-storey drift reductions – LDP 
 
All damper systems effectively reduced inter-storey drift. Highest reduction is given 
by MR-MR damper combination, with an average value of 35.27%. Other two 
systems, MR-VE and MR-Friction damper combinations reduced inter-storey drifts 
by average value of 24.01% and 23.11% respectively. Though average values seems 
similar, it can be observed that MR-VE combination perform better in lower floors 
while MR-Friction combination works better at upper floors according to Figure 
6-11. Yet MR-MR combination is able to maintain a healthy reduction throughout 
the height of the structure.  
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For nonlinear dynamic procedure (NDP), similar patterns as in LDP are obtained as 
shown in in Figure 6-127. In NDP average drift reduction percentages are, 35.74% 
for MR-MR, 24.18% for MR-VE and 22.37% for MR-Friction damper combination.  
 
Figure 6-17 : Inter-storey drift reductions - NDP 
 
Although previous comparison gives a clear picture of influence of damper system in 
the building structure, they do not reflect the influence of the two different analysis 
procedures. LDP and NDP results are hence compared for uncontrolled and 
controlled structures with MR-MR dampers as shown in Figure 6-18.  
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Figure 6-18 : Inter-storey drift comparison Uncontrolled and Controlled (MR-MR) 
for LDP and NDP under Northridge earthquake 
 
In uncontrolled structure, at the lower stories, the nonlinear procedure gives greater 
results for story drifts rather than linear procedures. However, the resulting story 
drifts at the higher stories are much larger in the linear procedures. This is due to the 
fact that plastic hinges form in the first story columns in the nonlinear procedures, 
while the building responds elastically in the linear procedures, as also observed 
under the other two earthquakes.   
6.6.3.2 Evaluation of maximum tip deflection  
Since tip deflection is considered as the most representative parameter, maximum tip 
deflection values are evaluated. A reduction in tip deflection in general brings a 
better seismic response with reductions in the other parameters too.  
Seismic Evaluation of 3D 18 Storey Structure 134 
 
 
Figure 6-19 : Maximum tip deflection under Northridge earthquake 
 
It can be clearly seen a good amount of tip deflection reduction when dampers are 
used. Yet MR-MR combination maintains its greater deflection reduction capability. 
It’s 37.52% and 39.34% for LDP and NDP respectively. With MR-VE combination 
tip deflection is reduced by 25.75% in linear model and 24.92% in the nonlinear 
model. For MR-Friction combination these values are 22.89% and 26.8% 
respectively.  In all scenarios the NDP value surpasses the tip deflection values of 
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LDP yet it’s not significant. It can be concluded that plastic hinges formation haven’t 
affected to the tip-deflection for this 18 storey structure. This feature was also 
observed under the other 2 earthquakes. 
Graphical representation of post processing results is shown in Figure 6-20. 
Deflections of the model are magnified by 1:20 for a clearer representation. Tip 
deflection results from undamped and damped by MR-MR dampers are compared for 
nonlinear model.  
 
Figure 6-20 : Tip deflection (NDP) - Undamped and MR-MR Damped results 
(Northridge) 
  
6.7 Summary 
An 18-Storey, 3D structure has been modelled and analysed with MR damper and 
MR-Passive damper combinations. Analyses are carried out in SAP2000 OAPI 
platform in collaboration with MATLAB Simulink. Three earthquakes namely, El-
Centro, Kobe and Northridge are used as inputs. Two type of analysis procedures 
LDP and NDP, in which a linear model is used in LDP and a nonlinear model is used 
in NDP are analysed. 
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Results, using inter-storey drift and tip deflection as main seismic response 
parameters were obtained. It can monitor a good reduction of these parameters in 
each damper system. It reaches 20% most of the time. Yet MR-MR combination 
dominates the reduction ability with a great margin. MR-MR combination accounts 
for a reduction, ranges between 30-40%. Due to the formation of plastic hinges at 
bottom floors, non-linear models show a fairly increased storey drift compared to 
linear models. However this initial discrepancy reduces with the height. The results 
also verify that for the building structure considered herein, there is not much of a 
difference in carrying out a linear or a non-linear analysis when dampers are 
attached. Comparing the present results with those from chapter 4, it was evident that 
2D analysis of single frame analysis would suffice for symmetrical building systems 
with a rectangular plan. The suite of earthquakes considered in this study had a range 
of dominant frequencies and durations of strong motions. It is possible, if necessary; 
to obtain reduction diagrams with the different damper systems as was done with the 
2D building models using similar techniques. Results indicate that the damping 
systems considered herein are able to obtain adequate mitigation under all the three 
earthquake records. The results also provide a choice of damper system to the 
designer depending on the amount of mitigation required. 
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Chapter 7 : Application of MR Damper to an Existing 
Building 
7.1 Introduction 
This chapter studies the application of MR damper(s) to provide seismic mitigation 
of an existing building. A ten storey reinforced concrete (RC) building, called the “P 
Block” at the Queensland University of Technology premises in Gardens Point 
Campus, Brisbane is chosen for the study. This building was modelled and validated 
with the experimental results obtained from the vibration sensing system mounted on 
the building.  There are six analog tri-axial accelerometers and two single-axis 
accelerometers installed to capture the vibration responses of the structure as shown 
in Figure 7.1. These accelerometers capture the vibration responses of the structure 
through sensors, which are located on the upper part of the building; i.e. at and above 
level 4. 
 
Figure 7-1 : P Block Sensor arrangement  
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The experimental output-only modal analysis (OMA) procedure and modal 
properties are obtained by analysing ambient excitation responses of the structure 
(Nguyen, 2014). The finite element(FE) model of the building was developed and the 
results from modal analysis were compared with the OMA results (Kodikara, Chan, 
Nguyen, & Thambiratnam, 2015).  The frequencies of the FE model matched well 
with the measured values and provided confidence on its use in the study.  
The developed finite element model was then coupled with MATLAB Simulink MR 
damper model to evaluate the seismic response. Effectiveness of different damper 
arrangements is studied for three different earthquake excitations, El-Centro, Kobe 
and Northridge. Tip deflection and tip acceleration responses, which represent an 
overall performance of a structure, are assessed as key evaluation parameters. 
 
7.2 Description of the building 
As previously mentioned, the ten storey building at Queensland University of 
Technology premises in Gardens Point Campus, Brisbane (P Block) is selected for 
the study. This is a concrete frame structure with post tensioned slabs and reinforced 
concrete columns. The building has a rather common floor configuration with four 
semi-underground bases consisting of lowest four levels. Dimensions for the first 
four levels are approximately 75m x 65m. Floor layout of the first floor is shown in 
Figure 7.2. 
In upper floor levels it has a smaller floor area with approximate dimensions of 65m 
x 45m.  The total height of the building is 42m from the formation level of the 
building. The floor height of the building varies in the range 2.7m to 4.5m. Even 
though the structure has an overall common configuration, from a structural detailing 
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point of view, it has a number of variations in terms of slab thicknesses, slab 
openings, column sizes and orientations. The three main shear walls are placed in the 
middle of the building, two to the east and other to the west to resist the lateral loads 
due to potential wind, lateral seismic loads and torsional forces. 
 
Figure 7-2 : Level 1 floor layout 
 
Acceleration data of the sensors are sampled at a frequency of 2000Hz and then split 
into 30-minute subsets for modal analysis purposes. The experimental output-only 
modal analysis (OMA) frequencies are obtained by analysing ambient excitation 
responses of the structure. These OMA frequencies and finite element modelling 
(FEM) results are compared in Table 7.1.  
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Table 7-1 : Comparison of first five natural frequencies of the P block  
 
From Table 7.1, it can be observed that the frequencies of the first five FEM modes 
match well with those from the corresponding OMA modes. The maximum deviation 
occurred in 5th mode which is 9.9%. Therefore finite element model can be extended 
to couple with MATLAB Simulink MR damper model for seismic evaluation.  
Figure 7.3 shows the first five modes of the FE model, which were obtained using 
SAP2000 (CSI, 2013). 
  
Mode Number OMA frequency  FEM 
frequency  
Error (%) 
1 1.147 Hz 1.056 Hz 7.9 
2 1.544 Hz 1.493 Hz 3.3 
3 1.653 Hz 1.726 Hz -4.4 
4 3.989 Hz 3.721 Hz 6.7 
5 4.254 Hz 4.679Hz 9.9 
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a. Mode 1 – 1.056 Hz                                         b. Mode 2 – 1.493 Hz 
          
c. Mode 3 – 1.726 Hz                                         d. Mode 4 – 3.721 Hz 
 
e. Mode 5 – 4.679 Hz 
Figure 7-3 : Mode shapes of FE model 
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7.3 Dampers within the building structure 
The efficiency of a damper system is investigated according to the locations where 
they have been installed in the building.  For this purpose five different damper 
placements are considered two damper placements in the X direction, two damper 
placements in the Y direction and a combined damper placement. ‘X’ direction 
earthquake acceleration is given to the damper systems in the horizontal and 
combined arrangements while ‘Y’ direction acceleration is given to the damper 
systems in the Y direction. These five damper systems will be able to assess the 
seismic mitigation of the building in both key directions and for the torsion. Each 
system is analysed under three different earthquake excitations, El-Centro, Kobe and 
Northridge.  Five damper arrangements are described below.  
Damper arrangement – H1 
Six number of MR dampers are placed in the ‘X’ direction of the building. Three 
dampers are located between the Y direction grid lines ‘B’-‘C’ and on  the X 
direction grid lines ‘1’,’3’ and ‘7’. Other three dampers are located between the Y 
direction grid lines G’-‘H’ and on the same X direction.  
Damper arrangement – H2 
Two dampers are placed in the ‘X’ direction,  between the Y direction grid lines ‘C’-
‘D’ and ‘G’-‘H’ on the X direction grid line ‘2’.  Dampers are placed in areas ‘1’ and 
‘5’ since the lift cores in area ‘2’ and ‘6’ are expected to provide some torsional 
resistance during an earthquake excitation.  
Figure 7.4 shows schematic diagrams for H1 and H2 damper arrangements. 
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a. Damper arrangement - H1 b. Damper arrangement – H2 
Figure 7-4 : H1 and H2 damper arrangements (Earthquake acceleration is in ‘X’ 
direction) 
 
Damper arrangement – V1 
Five dampers are placed along the ‘Y’ direction of the building. Three dampers are 
located between the X direction grid lines ‘1’ and ‘2’ and on the Y direction grid 
lines ‘C’, ‘E’ and ‘H’. The other two are between the X direction grid lines ‘3’ and 
‘4’ and on the Y direction grid lines ‘D’ and ‘F’.  The dampers are concentrated in 
the areas ‘1’,’3’ and ‘5’, considering the additional resistance provided by the lift 
cores in areas ‘2’ and ‘6’.   
Damper arrangement – V2 
Three dampers are used. One damper is between the grids ‘1’-‘2’ and on the grid ‘C’.  
Another damper is located between the grids ‘3’-‘4’ and on the grid ‘E’. The third 
one is between the grids ‘1’-‘2’ and on the ‘H’ grid line. As in the damper placement 
‘V1’ this damper placement also takes into consideration the additional seismic 
resistance provided by the lift cores.   
Figure 7.5 demonstrations schematic diagrams for V1 and V2 damper arrangements. 
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a. Damper arrangement - V1 b. Damper arrangement – V2 
Figure 7-5 : V1 and V2 damper arrangements (Earthquake acceleration is in ‘Y’ 
direction) 
 
Damper arrangement – C1 
One combined damper arrangement is studied.  The damper in the ‘X’ direction is 
located between the grid lines ‘G’-‘H’ on the normal grid line ‘2’. The damper in the 
‘Y’ direction is located between the grid lines ‘3’-‘4’ on and on the normal grid line 
‘C’.  Figure 7.6 shows the schematic diagram for the C1 damper arrangement. 
 
Damper arrangement - C1 
Figure 7-6 : Combined damper arrangement (Earthquake acceleration is in ‘X’ 
direction) 
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7.4 Seismic Response of the building structure 
Tip deflection and tip accelerations are taken as the main response parameters. Node 
in H-0 grid location is used as the reference.  
 
Figure 7-7 : Reference node for seismic parameter measurements  
 
7.4.1 Undamped structure 
The un-damped structure is modelled and analysed. Seismic response parameters of 
the undamped structure are used to compare with the results of damped structures. 
Tip deflection and tip acceleration results for the un-damped structure are shown in 
Table 7-2.    
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Table 7-2: Tip deflection and tip acceleration of the un-damped structure 
  El Centro Kobe Northridge 
Tip Deflection(m) 0.127 0.103 0.079 
Tip Acceleration(ms-2) 3.71 4.13 4.02 
 
7.4.2 Damped structures 
As previously mentioned, five different MR damper arrangements were tested on the 
building namely H1, H2, V1, V2 and C1. Dampers are fitted on the ground floor as 
that gives a better seismic control according to previous analysis.  
All damper arrangements are tested for three different earthquakes. The tip deflection 
and tip acceleration reductions are obtained for the structure fitted with each damper 
system at different locations for each of the three earthquake excitations are 
presented in this section.  
Figure 7.8, Figure 7.9 and Figure 7.10 show the time history records for tip 
deflection of the structure fitted with the H2 damper arrangement under El-Centro, 
Kobe, and Northridge earthquake respectively. Both damped and undamped results 
are plotted in the same graph.  
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Figure 7-8: Time history record-Tip deflection (H2, ElCentro, damped vs undamped) 
  
 
Figure 7-9 : Time history record - Tip deflection (H2, Kobe, damped vs undamped) 
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Figure 7-10 : Time history record - Tip deflection (H2, Northridge, damped vs 
undamped) 
 
Analyses were conducted with the other damper arrangements and under the three 
different earthquake accelerations. The results are summarised in Table 7.3.  These 
Figures and the Table 7.3 clearly demonstrate (i) that the present modelling of the 
coupled building-MR damper system subjected to seismic excitation is working and 
(ii) the damping systems are able to provide significant seismic mitigation (by 
reducing the tip deflection of the structure).  For example, the building fitted with the 
H2 damping system (using only 2 dampers) is able to reduce the maximum tip 
deflection by more than 23% under all three seismic records.    
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Table 7-3: Maximum tip deflection reductions 
Earthquake 
Damper 
Placement 
Tip Deflection(m) Reduction 
Undamped Damped (%)  
El Centro 
H 1 
0.127 0.071 44.09 
H 2 
0.127 0.092 27.56 
V 1  
0.146 0.071 51.37 
V 2  
0.146 0.098 32.88 
C 1 
0.127 0.094 25.98 
Kobe 
H 1 
0.103 0.068 33.98 
H 2 
0.103 0.079 23.30 
V 1  
0.114 0.052 54.39 
V 2  
0.114 0.077 32.46 
C 1 
0.103 0.081 21.36 
Northridge 
H 1 
0.079 0.044 44.30 
H 2 
0.079 0.059 25.32 
V 1  
0.086 0.041 52.33 
V 2  
0.086 0.062 27.91 
C 1 
0.079 0.054 31.65 
 
It can also be seen that both H1 and V1 damper arrangements achieve higher tip 
deflection reductions under all earthquake excitations due to the higher number of 
MR dampers used. Yet other systems, with a lesser number of dampers, are able to 
achieve a reduction greater than 20%, which is a considerable reduction.  
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Tip acceleration is also taken as a seismic response parameter. Figure 7.11, Figure 
7.12 and Figure 7.13 show the time history records for the tip acceleration under El-
Centro, Kobe and Northridge earthquakes respectively.  Damper arrangement H2 is 
considered and both damped and un-damped records are plotted in a single figure. It 
is clear that tip acceleration is considerably reduced throughout the time history for 
damped structure.  
 
Figure 7-11 : Time history record - Tip Acceleration (H2, El Centro, damped vs 
undamped) 
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Figure 7-12: Time history - Tip Acceleration(H2, Kobe, damped vs undamped) 
 
 
Figure 7-13: Time history - Tip Acceleration (H2, Northridge, damped vs undamped) 
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Analyses were conducted with the other damper systems and under the three 
earthquake accelerations. Results are summarised in Table 7.4.  
 
Table 7-4 : Tip Acceleration reductions  
Earthquake 
Damper 
Placement 
Tip Acceleration 
(ms-2) 
Reduction 
Undamped Damped (%) 
El Centro 
H 1 
3.71 1.98 46.63 
H 2 
3.71 2.47 33.42 
V 1  
3.24 1.48 54.32 
V 2  
3.24 1.86 42.59 
C 1 
3.71 2.37 36.12 
Kobe 
H 1 
4.13 2.39 42.13 
H 2 
4.13 2.97 28.09 
V 1  
3.77 1.61 57.29 
V 2  
3.77 2.26 40.05 
C 1 
4.13 2.72 34.14 
Northridge 
H 1 
4.02 2.19 45.52 
H 2 
4.02 2.86 28.86 
V 1  
3.61 1.69 53.19 
V 2  
3.61 2.28 36.84 
C 1 
4.02 2.49 38.06 
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Tip acceleration reduction pattern is very much similar to the tip deflection reduction 
pattern. H1 and V1 damper arrangements, which use 6 dampers and 5 dampers 
respectively, achieve reductions around 50%. It is evident that all damper systems 
are able to achieve a tip acceleration reduction in excess of 28%. 
Graphical representations of the tip deflection reductions and tip acceleration 
reductions are shown in Figure 7.14 and Figure 7.15 respectively. Accordingly it can 
be concluded that MR damper combinations effectively reduce the tip deflection and 
the tip acceleration of the structure. This study limits the placement of the damper to 
a single floor, but treated a number of damper placement systems. An increase in the 
number of dampers will always lead to a better seismic control, but at a cost. The 
engineer and the owner of the structure must hence arrive at a compromise between 
the amount of mitigation required and the cost in achieving this.  
                          
 
Figure 7-14: Tip Deflection reductions for different damper placements 
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For this concrete structure both tip deflection reduction and tip acceleration reduction 
are giving much similar patterns. First floor damper placement might be affected to 
give such a pattern for both parameters.  
 
Figure 7-15 : Tip acceleration reductions for different damper placements 
 
This study treated the coupling of the newly developed MR damper model and its 
analysis technique with the model of existing building structures to determine the 
seismic response of the damped building structure. At the same time the MR damper 
and analysis technique are applied to a realistic (and rather un-symmetric) reinforced 
concrete structure for seismic evaluation.   Previous analyses had been conducted for 
steel structures, where too it was demonstrated that adequate seismic mitigations was 
possible when fitted with MR damper(s). These results of this chapter confirm that 
adequate seismic control can also be achieved for reinforced concrete structures 
when fitted with MR dampers. Depending on the amount of mitigation required, an 
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appropriate damper system can be selected and placed at the particular locations.  
The findings of this study will provide some guidance towards achieving this 
objective. 
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Chapter 8 : Conclusions and Recommendations 
 
8.1 Contribution from the Research 
The protection of civil structures under seismic events is of vital interest to structural 
engineers as there is an inherent responsibility in this profession to protect the human 
and material contents of the built infrastructure. Therefore a structure should be able 
to withstand against such events once designed and built. It has been proven that 
effective use of dampers make a structure more resilient to seismic action by 
increasing the building’s damping ability. Use of dampers to increase building’s 
damping capability is currently a common practise.  This research investigates the 
effective use of magneto-rheological (MR) dampers, a type of semi-active damper 
and the combined use of MR and passive dampers in building structures. Visco-
elastic dampers and friction dampers are the passive devices considered in this 
research.  
Tip deflection, which provides an overall assessment of the seismic response of the 
structure is evaluated in parallel with other two key seismic response parameters, tip 
acceleration and inter-storey drifts. Different buildings need different damping 
requirement to cope with earthquake excitations. .This research at first developed and 
validated models of the semi-active MR damper and the models of building 
integrated with MR damper system. The present results agreed well with existing 
results from experiments to provide adequate confidence in the modelling 
techniques.  
The research then was extended to the seismic analysis of building structures. At first 
2D analyses of both uncontrolled and controlled building structures with two 
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different heights were carried out under a suite of earthquake records. Three different 
damping systems were considered; MR-MR, MR-VE and MR-Friction. The 
placements of the dampers were varied to obtain the best results.  Results showed 
that significant reductions of the seismic response parameters were possible with all 
damper systems. However, the semi-active MR damper dominated the performance. 
The vast amount of results presented will enable designers to select the damper 
system to suit the amount of mitigation required under credible seismic events. 
Three dimensional seismic analyses were next undertaken and here both linear and 
non-linear models of the structure were considered.  Time history analyses were 
carried out for both linear and nonlinear models under different earthquake 
excitations. The developed techniques were applied to determine the seismic 
response of an existing reinforced concrete building. The results demonstrated the 
effectiveness of the techniques to provide the desired seismic mitigation. 
The main findings of this research study are: 
 Individually MR damper performs better, surpassing passive dampers, 
irrespective of the damper placement.  
 MR damper achieves best performance when it is placed on the ground floor. 
 VE damper performs better in lower stories while Friction damper performs 
better in upper floors where inter-storey drifts are maximum.  
 When MR dampers and passive dampers are combined, a more effective 
scenario can be achieved at a reasonable cost.  
 The techniques developed in this research can be applied to realistic building 
structures to obtain reasonable amount of seismic mitigation (as demonstrated 
in chapter 7). 
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 The amount of mitigation required and the placement of the required damping 
system can be considered in order to obtain an effective design of the 
damping system.  
This study has shown that it is possible to obtain better seismic mitigation under all 
earthquake excitations, by using MR damper and MR-passive combinations 
appropriately located within the structure. Set of information is generated in this 
research that is adequate for using MR and MR-passive damper systems effectively 
to mitigate seismic response in building structures.  
8.2 Discussion and Summary  
This research investigates the use of MR damper systems, combined MR-VE damper 
systems and MR-friction damper systems to mitigate the seismic effects of building 
structures. These damper systems are placed at different floor levels. Three 
earthquake excitations namely, El-Centro, Kobe and Northridge are selected as 
inputs.  Results for tip deflection, tip acceleration and inter-storey drift are compared. 
Initially, two dimensional building frames were treated and general reduction 
patterns were developed for each building type. Study was then extended to real 
scale 3D building structures under linear and nonlinear procedures.  
In Chapter 2, a state of art on structural control, a review on existing MR damper 
models and semi-active controllers and insights into the performance based design 
has been given. Base isolation and three damper types namely active, passive and 
semi-active have been discussed under structural control. Afterwards MR dampers, 
MR technology and MR damper models were critically reviewed and highlighted the 
significance of using MR dampers over other damper types. Different semi-active 
control techniques were then reviewed to select an appropriate technique to provide 
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semi-active control over the MR damper. This Chapter ends with an insight into 
performance based design and capturing the need for research into seismic mitigation 
of taller building structures fitted with semi-active MR dampers. 
Damper model development and verification are presented in Chapter 3. MR damper 
was modelled using Bouc-Wen model and Clipped Optimal Control was employed to 
semi-actively control the damper. A visco-elastic damper and a friction damper were 
also modelled to use as passive devices in conjunction with MR dampers. MATLAB 
Simulink provided the analysis platform. A three story structure which has been used 
previously for experimental studies with MR dampers at the Structural Dynamics and 
Control/ Earthquake Engineering Laboratory at University of Notre Dame was used 
to validate the damper model. Simulation and experimental results agreed well with 
each other. Modelling technique was extended to combine with SAP2000 using 
SAP2000 OAPI as the communicating platform. This method has been validated 
with a group of dampers in a building, where simulation and experimental results 
have shown a very good agreement.  
A combination of MR and passive dampers was used in an 18 storey 2D building 
structure and analysed for a suite of earthquake excitations in Chapter 4. According 
to the analysis results it can be concluded that the MR damper performs well in 
seismic mitigation of structures. When two MR dampers were used, both tip 
deflection and tip accelerations reached a higher reduction compared to MR-Passive 
combinations. Tip deflection reduction achieved an average value of 35% when two 
MR dampers were placed in lower floors. MR-VE combination provides the best 
results when both dampers are attached to the lower floors, providing a tip deflection 
reduction of approximately 25%. For MR-Friction combination, friction damper 
needed to be fixed in the upper floors in order to provide an effective reduction. 
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However, the MR damper dominates the reduction in tip deflection. Finally, general 
reduction patterns have been developed for different damper combinations using the 
vast amount of generated information. These patterns could be used to find the 
optimum damping combination according to the expected damping reduction 
requirement.  
In Chapter 5 analysis procedures as in the previous chapter were carried out for a 12 
storey structure. Damper placements were varied and the response changed 
accordingly. The best results were obtained when the damper placements were 
maintained as in the earlier case.  Overall results showed that good seismic 
mitigation can be obtained with all the damper systems considered in this study. 
Depending on the amount of mitigation required, the appropriate damper system can 
be selected and placed at the particular locations.   It can observe that both tip 
deflection and tip acceleration reduced by a greater margin when MR-MR 
combination was used specially in lower floors. In this case, the highest average tip 
deflection reduction occurred for the Northridge earthquake, a value of 40.08%. 
Second highest average was 38.31% under Kobe earthquake. MR-VE combination 
was significant when dampers are at the lower floors; however the mitigation 
provided was lower than that with 2 MR dampers. In the lower floors it has an 
average of approximately 30%. It significantly reduces to around 15% when placed 
in the upper floors. This confirms that VE dampers perform better when they are 
placed in the lower floors. MR-Friction damper combination performs better when 
the friction damper sits in the upper floors, and has an approximate mitigation value 
(with respect to tip deflection reduction) of 25%.  It even surpasses the 2 MR 
dampers system. However, this combination takes the advantage of the MR damper 
placed in the lower floor. This pattern remains the same for all three earthquakes 
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considered. Finally, general reduction patterns have been developed which could be 
used to find the optimum damping combination according to the expected damping 
reduction requirement for this type of a building.  
In Chapter 6 linear analysis procedures have been extended to non-linear analysis 
procedures and 2D models have been switched to comprehensive 3D models. An 18-
Storey, 3D structure with two basement floors has been modelled and analysed and 
the analyses are carried out in SAP2000 OAPI platform in collaboration with 
MATLAB Simulink. The building was equipped with MR damper and MR-Passive 
damper combinations at a time. Two type of analysis procedures LDP and NDP, in 
which a linear model is used in LDP and a nonlinear model is used in NDP are 
considered. Inter-storey drifts and tip deflections were obtained under three different 
earthquake records. It can be observed that the MR-MR combination has the highest  
reduction ability within a range of  30-40%. Due to the formation of plastic hinges at 
bottom floors, non-linear models show a fairly increased storey drift compared to 
linear models. However this trend reduces with the height. Based on the results, it 
seems that a linear analysis which consumes very low computational cost gives a 
reasonably good record of the seismic behaviour of the damped buildings. 
In Chapter 7, the newly developed MR damper and the analysis technique are 
applied to a realistic reinforced concrete structure for seismic evaluation.  Different 
number of MR dampers are placed in the ground floor in order to evaluate the best 
damper combinations for the desired mitigation. The results of this chapter confirm 
that adequate seismic control can also be achieved for reinforced concrete structures 
when fitted with MR dampers. Depending on the amount of mitigation required and 
using the information generated in this research,  an  appropriate damper system can 
be selected and placed at the required locations.   
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8.3 Conclusion  
A number of analyses of different structure types equipped with different MR and 
MR-passive damping systems have been treated under different earthquake 
excitations.  This has provided a comprehensive understanding of the effectiveness 
of the dampers and their placement. It has been shown that it is possible to have 
adequate seismic mitigation under all earthquake excitations, by using certain 
damper types appropriately located within the structure.  
In can be concluded that magneto-rheological (MR) damper has a better ability, than 
the passive dampers, to control the dynamic response of building structures during 
earthquakes. Further, MR damper increases the damping property of a structure 
adaptively without changing the natural frequencies of the structure. It is found that 
the performance of the damper is sensitive to the location of the damper placement 
and optimum location is at the ground floor in all cases.   
Generally, determining the type of damping devices and their optimal placement 
remains a highly iterative trial and error process. This research suggests the 
development of  “Generalized Reduction Patterns” for different damper types and 
their locations. The mitigation under two types of dampers can be plotted against the 
height of the building, as illustrated in this research. Optimal damper placement and 
type can be found accordingly. These reduction patterns for distinct buildings will 
help to find optimum placements of dampers and their combinations.  
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8.4 Recommendations for Further Research  
Following are some suggestions for further research,  
 It is recommended to extend ‘Generalised Reduction Pattern” including cost 
of the dampers. Hence optimisation can be modified for combined cost, 
benefit and technical aspects.  
 It is recommended that the proposed analytical method be applied in wind-
excited high-rise building structures equipped with MR dampers. 
 Structures may have asymmetric due to geometry or stiffness and mass 
distributions. Therefore it is recommended to extend this procedure to 
asymmetry structures.  
 Further research using experimental techniques can be carried out to 
demonstrate the effectiveness of the proposed methodologies. 
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